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PROCESSING-STRUCTURE-PROPERTIES OF Al -BASED TiC AND ZrC 
PARTICULATE COMPOSITES 
SUMMARY 
The mechanical properties of discontinuously reinforced MMCs are mainly 
dependent upon the composition or microstructure of matrix, size and volume 
content of reinforcement, and matrix–reinforcement interface. In this respect, the 
structure–mechanical property relationships of Al-4 wt.% Cu matrix composites 
fabricated by sintering, casting and atomization processes have been investigated 
using different carbide particle volume fraction and size.   
Firstly, processing of the Al-4 wt.% Cu metal matrix composite powders containing 
10 wt.% ZrC (8 µm and 157 µm) and TiC (13 µm and 93 µm) during mechanical 
alloying has been characterized and optimized, based on the structural and 
morphological observations, on the particle size distribution and hardness 
measurements. Mechanically alloyed powders exhibit the saturation hardness value 
after milling times of 180 min. These powders were consolidated by vacuum hot 
pressing under 70 MPa at 550 oC for 1h. SEM observations show that the tendency 
of clustering to be greater in ZrC (initial size of 8 µm) particle reinforced composite, 
while the others exhibit much homogeneous distribution of carbide particles. 
Additionally, physical properties such as density, hardness, and sliding wear 
resistance of the composites were evaluated as a function of the reinforcement size 
and their properties were compared with those of Al-4wt.%Cu matrix alloy. A higher 
amount of wear loss was observed in the worn surface of composite containing fine 
ZrC particles (8 µm) due to the clustering which leads to weak interfacial bonding 
between matrix and carbide particles.  
Secondly, the effects of particle size on microstructure and physical properties of Al-
4wt.% Cu composites reinforced with both the 10 wt.% TiC (13 µm and 93 µm) and 
ZrC (8 µm and 157 µm) particles using the K-Al-F type flux-assisted casting method 
were investigated. In addition, the effects of the reinforcement volume content on the 
microstructure, density, hardness and wear resistance of Al-4wt.% Cu-xTiC (x=5, 10, 
15 and 20 vol.%) composites fabricated using the same casting method were 
evaluated by comparing the unreinforced alloy. It was observed that TiC particles (13 
and 93 µm in size) were distributed uniformly with the Al-4wt.%Cu matrix, whereas 
the clustering of small ZrC particles (8 µm in size) was observed. Comparisons of 
hardness and relative wear resistance of composites fabricated by the casting and 
sintering processes revealed that these properties strongly depend on volume 
fractions of the carbide particles rather than carbide particle size. 
Finally, the cast Al-4wt.%Cu alloy and 10 wt.% ZrC (mean size of 8 µm and 157 
µm) and TiC (means size of 13 µm and 93 µm) reinforced composites were atomized 
in He atmosphere using the Impulse Atomization (IA) to yield spherical shape with 
uniform distributed carbide particles into Al-4wt.% Cu matrix. The microstructural 
evolution of droplets were evaluated considering the atomization parameters and 
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carbide particle size. The small sized TiC particles (13 µm) were uniformly 
distributed in spherical droplets, whereas small sized ZrC particles (8 µm) were 
clustered. Additionally, presence of high number of TiC (13 µm) particles in 
atomized powders yield to small cell size, hence this leads to a higher cooling rate. 
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Al- ESASLI TiC VE ZrC PARTĐKÜL TAKVĐYELĐ KOMPOZĐTLERĐN  
PROSES-YAPI VE ÖZELLĐKLERĐ  
 
ÖZET 
Süreksiz partikül takviyeli metal matris kompozitlerin mekanik özellikleri başlıca 
kompozisyona diğer bir değişle matrisin mikroyapısı, takviye elemanının boyutu ve 
hacim miktarı ve takviye elemanı ile matris arayüzeyine bağlıdır. Bu bağlamda,  
sinterleme, döküm ve atomizasyon yöntemleri ile üretilmiş Al-4Cu(% ağ.) metal 
matris kompozitlerinin yapı ve mekanik özellik ilişkisi farkli karbür partikül boyutu 
ve hacim yüzdeleri gözönüne alınarak araştırılmıştır.    
Bu çalışmada, ilk olarak ağırlıkça %10 ZrC (8 and 157 µm) ve TiC (13 and 93 µm) 
takviyeli Al-4Cu(% ağ.) metal matris kompozit tozları, partikül boyut, sertlik, 
mikroyapısal ve morfolojik özellikleri mekanik alaşımlama süresince optimize ve 
karakterize edilmiştir. Sonuçlar göstermiştir ki, mekanik alaşımlanmış tozların sertlik 
değerleri 180 dakika mekanik alaşımlama süresi sonrasında sabit bir değere 
ulaşmıştır. 180 dk süreyle mekanik alaşımlanmış kompozit ve Al4Cu tozları, 70 MPa 
basınç ve 550 oC sıcaklıkta 1 saat süreyle vakum sıcak pres kullanılarak 
sinterlenmiştir. ZrC (başlangıç boyutu 8 µm) içeren kompozitte partikül takviye 
elemanın kümelenmesi elektron mikroskobu çalışmaları ile gözlenmiştir. Buna karşın 
diğer kompozitlerde karbür partiküllerinin homojen dağıldığı görülmüştür. Ayrıca, 
kompozitlerin yoğunluk, sertlik gibi fiziksel özellikleri ve aşınma direnci özellikleri 
takviye elemanının boyutu gözönüne alınarak incelenmiştir ve bu özellikler matris 
Al4Cu alaşımı özellikleri ile karşılaştırılmıştır. Karbür partikülü ve matris arayüzey 
arasındaki zayıf bağlanmaya neden olan kümelenmeden dolayı, ince ZrC (8 µm) 
takviyeli kompozitin aşınma yüzeyinde yüksek miktarda aşınma kayıpları 
gözlenmiştir.  
Đkinci olarak, potasyum-alumiunyum ve florür (K-Al-F) esaslı flaks (ergiyik tuzu) 
destekli döküm yöntemi kullanılarak ağırlıkça % 10 TiC (13 and 93 µm) ve ZrC (8 
and 157 µm) takviyeli Al-4Cu (% ağ.) kompozitlerinin mikroyapısal ve fiziksel 
özelliklerine partikül boyut etkisi incelenmiştir. Ayrıca, Al-4Cu (ağ.%)-xTiC (x=5, 
10, 15 and 20 vol.%) kompoziti için takviye elemanı hacim miktarının mikroyapı, 
yoğunluk, sertlik ve aşınma direnci üzerine etkileri takviyesiz matris alaşımı ile 
karşılaştırılarak değerlendirilmişlerdir. 13 µm ve 93 µm boyutlu TiC partikülleri Al-
4Cu (% ağ.) matrisi içerisinde düzenli bir şekilde dağıldığı, buna karşın 8 µm 
boyutlu ZrC partiküllerinin matris içerisinde kümelendiği gözlenmiştir. Döküm ve 
sinterleme yöntemleri ile üretilmiş kompozitlerin sertlik ve göreceli aşınma 
dirençlerinin karşılaştırılması bu kompozitlerde sertlik ve aşınma dirençlerinin 
karbür boyutundan çok partiküllerinin hacim miktarına bağlı olduğunu ortaya 
koymaktadır.     
Son olarak, döküm yöntemiyle üretilen Al-4Cu (%ağ.) alaşımı ve % 10 (ağ.) ZrC (8 
µm ve 157 µm) ve TiC (13 µm ve 93 µm) takviyeli Al-4Cu(ağ.) kompozit tozları, 
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helyum atmosferinde impals atomizasyon yöntemi kullanılarak uniform olarak 
dağılmış karbür partikülleri içeren küresel şekilli tozlar elde etmek amacıyla 
üretilmişlerdir. Kompozit tozların mikroyapısal özellikleri, atomizasyon 
parametreleri ve karbür boyutları gözönüne alınarak incelenmiştir. Küçük boyutlu 
TiC partikülleri (13 µm) küresel şekilli Al4Cu matris içerisinde düzenli şekilde 
dağılmasına rağmen, küçük boyutlu ZrC partiküllerinin (8 µm) kümelendiği 
gözlenmiştir. Bununla birlikte, atomize tozlarda yüksek oranda TiC (13 µm) 
partikülünün bulunması hücre boyutunun küçülmesine ve dolayısıyla yüksek soğuma 
hızına neden olmaktadır.  
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1. INTRODUCTION 
1.1 Background 
Metal matrix composites (MMC) consist of two or more materials in which tailored 
properties are achieved by obtaining the combined advantages of both reinforcement 
and the metallic matrix [1]. Many metals have been considered as a possible matrix 
material such as copper, magnesium, aluminium, titanium, etc. for composite 
materials. Among the other metallic matrices, aluminium is a good candidate in most 
of the metal-ceramic composites, primarily due to its low density, a desirable 
property for high strength-to-weight ratios, or specific strength, ease of fabrication 
and low cost [2].  
The major advantages of aluminium metal matrix composites compared to 
unreinforced materials are reported in most of the literature study [3, 4]. Particulate 
reinforced Al metal matrix composites are potential materials for advanced structural 
applications with an attractive balance of specific stiffness and strength and a host of 
other properties, including good wear resistance, thermal conductivity, and low 
thermal expansion, all of which makes them good functional materials as well [5]. 
There are several processing techniques currently existing for processing of large 
scale of composite materials based on liquid metallurgy or powder metallurgy (PM) 
routes [2]. Among the various techniques available for the fabrication of MMCs, 
powder metallurgy has received serious attention from researchers due to the fine 
grain structures and chemical homogeneity of powders [6]. Mechanical alloying 
(MA) is one of the most widely applied methods for fabrication of metal matrix 
composites reinforced by dispersion particles [7]. This process, as originally 
developed by Benjamin [8], was used to produce a combined oxide dispersion 
strengthening with gamma prime precipitation hardening in a nickel based 
superalloy. Many researchers have successfully investigated and reported the 
dispersion of alloyed hard reinforcements such as graphite, SiC, Al2O3, TiC, VC, 
AlN, Si3N4, TiB2, AlB2 and MgB2 on the aluminium based MMCs through the MA 
route [9-15]. This process is performed in a high energy ball mill, making possible 
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the introduction of hard dispersion particles into the soft metal matrix and promotes a 
fine grain size in the matrix; thus, increasing the matrix hardness [6, 8]. However, 
MMC powders fabricated by using PM process suffer from problems associated with 
powder contamination which have detrimental effects on the resultant mechanical 
properties [16]. In addition, high cost and large number of processing parameters 
such as milling time, speed, milling media, etc. involved in the PM process restrict 
its application only to critical areas [17]. 
Liquid metallurgy technique is the most economically viable and particularly 
attractive method amongst the various methods to fabricate metal matrix composites 
[18]. As in conventional casting process, microstructure of the composite is 
influenced by the factors such as alloy composition, pouring temperature, viscosity 
of melt, cooling rate etc [19]. In addition, the compatibility of reinforcements with 
matrix alloy in terms of interfacial energy, density, thermal conductivity, thermal 
expansion, the size, shape and volume fraction of reinforcement play a major role in 
determining the microstructure of cast composites [19]. In general, the non-
wettability properties of ceramic particles with molten metal are the main problem in 
casting process. Therefore, in order to improve the wetting properties of ceramic 
particles during casting process mechanical or electromagnetic stirring or particle 
coating with Ni, Cu etc. have been used by a large number of workers [20, 21, 22]. In 
the liquid state systems, the K-Al-F flux casting is a cost effective liquid metallurgy 
techniques and this allows successful incorporation reinforcement particles even 
small size (<2 µm) carbide particles in a wide range into molten metal without 
stirring [23]. The flux-assisted casting method has been developed by Kennedy et. al 
[23-25] to overcome the poor wetting of carbide particles with molten aluminium 
and it enables successful incorporation of transition metal carbide particles. The role 
of the flux is to remove oxides from the melt and reinforcement surfaces, thus 
enabling intimate contact and encouraging wetting [26]. Additionally, the use of flux 
reduces particle clustering in the Al/TiC system and this is attributed to good wetting 
of the particles by the molten metal [25]. Kennedy and Wyatt [24] reported that the 
distribution of TiC particles in cast Al-TiC composites is very similar to those 
observed in powder metallurgy processed composites. They have claimed that the 
cast composites exhibit low damage rates compared with that of PM composites and 
the ductility and stiffness of cast Al-TiC composites are very similar with PM ones. 
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Therefore, the cast composites enables comparisons between their mechanical and 
physical properties with powder metallurgy composite products.    
Particulate materials commonly added to the aluminium alloys include SiC, TiC, 
Al2O3, TiB2, and among them the production and mechanical properties of Al-SiC 
MMCs have been extensively studied by several researchers [27-30]. However, the 
synthesis of Al-SiC composites is difficult by casting process due to their poor 
wettability and to large differences in the thermal expansion coefficients of two 
constituents [30]. In addition, this process may lead to an undesirable reaction 
product like Al4C3 between SiC and the molten Al. However, TiC and ZrC particles 
exhibit good wettability with molten Al due to their metal-like bonding character 
[23] compared to the most widely used reinforcement of SiC. Besides, the close 
crystal structure (FCC) matching between these carbides (TiC and ZrC) and Al 
matrix makes them good grain refiners for Al [32, 33]. For cast composites, 
mechanical properties such as tensile strength, ductility are strongly depended on the 
fineness of the microstructure which is measured by secondary arm spacing or cell 
spacing [34]. This is inversely proportional to the materials strength, since the finer 
microstructure contributes to strengthening of composites according to Hall-Petch 
relation [35, 36]. Hence the finer structure results in a stronger material and coarser 
structure results in a weaker material.  
The effect on mechanical properties of the matrix and the reinforcement in composite 
materials has been interest for materials scientist. The mechanical properties of 
composite materials depend on volume fraction, size, shape, homogeneous 
distribution of carbide particles as well as strong interfacial bonding between the 
carbide particle and matrix which provides the load transfer from matrix to particle 
[24]. In general increasing particle volume fraction increase the strength and wear 
resistance of the material, while the ductility and fracture toughness decreases [37, 
38].  
The wear properties of composites can be controlled by two main factors [39]. These 
are: the extrinsic factors such as effect of load, sliding velocity, sliding distance, the 
environment, temperature and intrinsic material factors such as reinforcement type, 
size, shape, size distribution and reinforcement volume fraction. Considerable 
amount of research avaliable in the literature on the tribological properties of metal 
matrix composites [40-42]. Addition of SiC, Al2O3, ZrO2, TiC particles to Al alloys 
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generally improve the wear resistance [40]. Several wear mechanisms were identified 
for Al alloys such as oxidation-dominated wear, delamination wear, severe plastic 
deformation wear, seizure and melt wear depending on the sliding wear conditions 
[40]. 
The use of ZrC as reinforcement has a growing interest due to its superior properties 
such as good wear resistance, high specific strength, high hardness, high elastic 
modulus and good stability properties at high temperatures [10, 43]. Despite ZrC 
have been used as reinforcement in steel [44], copper [45] and tungsten [46] 
matrices, only a limited work have been undertaken to incorporate ZrC particles into 
Al using in-situ [47] and ex-situ [23] casting process and no study was conducted to 
assess the effect of ZrC particle size on the microstructural and physical properties of 
Al-4wt.%Cu alloy.  
Therefore, in the present study, the TiC and ZrC particles were incorporated using a 
novel casting method with the aid of K-Al-F flux. The present work provides the 
explanation of microstructural evolution of cast Al-4wt.%Cu alloy and its composites 
containing two different mean size of ZrC (8 µm and 157 µm) and TiC particles (13 
µm and 93 µm). In addition, effect of different volume fractions  (5-20 vol.%) on the 
microstructure and the wear properties have been evaluated in the Al4Cu/TiC (2.9 
µm in size) composite produced by the same casting method. The main objective of 
this thesis was to evaluate the effect of the both TiC and ZrC particle size and 
volume fraction on the microstructure and hardness of the composites. For this 
purpose, scanning electron microscopy (SEM), X-ray diffraction (XRD) and 
hardness investigations were carried out. The another aim of the present study is to 
investigate the sliding wear behavior and mechanism of Al-4wt.% Cu matrix sintered 
composites reinforced with ZrC and TiC particulates using reciprocated wear 
apparatus. In addition, effect of reinforcement particle size on wear properties of 
composites was evaluated from microstructure of worn surfaces and they were 
compared with each other and with their unreinforced alloy.  
Rapidly solidified metal powders usually exhibit superior properties caused by fine 
microstructure, chemical homogeneity, extended solid solution and metastable phase 
formation [48]. Using the basic principles of rapid solidification process, several 
processing techniques have been developed for producing alloy and composite 
powders involving spray atomization and deposition, gas atomization, centrifugal 
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atomization processes [1]. Atomization process is the disintegration of liquid metal 
into fine droplets by force (centrifugal, impulse, etc.) or liquid metal explosion 
during which these droplets simultaneously cool down and solidify [49]. In the spray 
forming process, high energy gas jets interact with the stream of molten metals and 
alloys to generate a spray of micron sized droplets which are directed towards a 
substrate for deposition [50]. In this process the reinforcement particles are 
incorporated in the spray at a suitable distance from the atomizer to mix with the 
droplets, and segregation due to gravity is avoided [51]. However, in spray 
deposition process, resultant distribution of carbide particles is strongly influenced 
by injection parameters of particles and atomization parameters of molten stream 
[52]. In this process, particles are not strongly bonded to molten metal due to 
inappropriate particle feeding conditions and different cooling rates [53, 54]. In 
previous investigations, this process has been utilized in the fabrication of  Al-
6Fe/SiC [55], Al-7Si/SiC [56], Al-SiC [4], Al-TiC [57], Al4.5Cu/Al2O3 [58] 
composites. Srivastava and Ojha [59] revealed small size SiC particles (6 µm) 
incorporated in droplets prior to their solidification, but large size SiC particles (45 
µm) remained on the surface of droplets due to different velocities of droplets 
compared to that of SiC particles in the spray. A centrifugal atomization process has 
been used for producing 6061 Al-SiC composite powders to solve the particle 
engulfment and uneven distribution problems governed by spray deposition process 
[60]. However, wide variety of particle morphology (irregular, oval like, ligament, 
etc.) after fabrication has been obtained. The spherical morphology of spray deposit 
Al-7Si-SiC were observed for a limited size range (up to 100 µm) along with non-
preferantial distribution of SiC particles, whereas the morphology of powders greater 
than 100 µm diameter deviated from spherical morphology having preferential 
distribution of SiC particles [56]. The spherical morphology and the homogeneous 
distribution of ceramic particles in the matrix are important factors affecting the 
mechanical and physical properties of composites [50].  
By utilizing the Impulse Atomization(IA) process, it is possible to overcome some 
process difficulties such as incorporation of carbide particulates and their 
agglomeration in spray deposition and contamination problems of composite 
powders during mechanical milling process [49, 61]. In addition, composite powders 
having spherical morphologies can be fabricated via Impulse Atomization process 
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which has not been achieved with centrifugal atomization [60] and spray deposition 
[56, 57, 62]. The Impulse Atomization process offers many advantages over the 
competitive production techniques in terms of efficiency of the process [61, 63]: (a) 
producing spherical powders within a desirable size range, (b) providing a fine 
microstructure (cell or dendritic arm spacing) when compared to the droplets within 
the same size range produced by other atomization techniques, (c) during melting the 
contact time can be arranged and minimized in order to prevent interfacial reactions. 
This process also offers unique tool to perform fundamental investigations of 
solidification processing due to controlled droplet generation, small droplets sizes 
and reproducible thermal history [61]. Up to now this process has been successfully 
applied to a wide range of materials such as Al-Cu, and Al-Fe-Ni, Mg alloy, and tool 
steels [49, 61, 64]. Studies on the fabrication of composite powders using an 
atomization technique and the effect of particle size on the microstructural features 
of powders have so far limited. Therefore, the other intent of this work is to produce 
Al-4wt. % Cu alloy and its composites reinforced with TiC and ZrC particles using 
the Impulse Atomization process to yield spherical powders containing a uniform 
distribution of carbide particles. The development of microstructure including cell 
size and resultant distribution of carbide particles (TiC and ZrC) were evaluated with 
respect to the reinforcement particle sizes.   
In summary, the particle size, volume fraction-microstructure property relationship 
of the TiC and ZrC reinforced Al-4wt.% Cu matrix composites fabricated by 
different processes (mechanical alloying and vacuum hot pressing, a casting method 
and impulse atomization process) have been evaluated. Besides, the wear property-
size- hardness relationships were examined for both sintered and cast composites.  In 
addition, the effect of size and the type of particles in the microstuctural 
homogeneity of impulse atomized powders were examined considering the 
atomization conditions.   
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1.2 The Al-Cu Binary System 
 
Al-Cu alloys are known for their mechanical properties by low weight due to 
precipitation hardening and used for industrial purpose in many ways. For aluminium 
alloys, phase diagrams are used to determine solidification and melting temperatures, 
the solidification path, and the equilibrium phases that form and their dissolution 
temperatures [65]. A binary system Al-Cu has been selected as matrix material for 
this thesis work. The equilibrium phase diagram of the Al-Cu system [66] has been 
shown in Fig. 1.1.  
 
 
Figure 1.1: Al-Cu phase diagram [66].  
 
According to Fig. 1.1, the Al-Cu system has a eutectic reaction at 548oC and a 
eutectic composition of 33.2 wt.% Cu. When the temperature falls to the eutectic 
temperature, the remaining liquid separates into α-Al and Al2Cu. At room 
temperature, the maximum solubility of Cu into Al is 0.02 at.% while the solubility 
of Al in (Cu) is 19.7 at.% Al at the eutectic temperature [66]. According to the phase 
diagram, the expected microstructure of the cast and atomized samples containing  
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4 wt.% Cu is a cell or dendritic structure. The cells are made of α-Al phase and the 
interdendritic space contains an eutectic structure made of both the α-Al phase and 
the θ-(Al2Cu) phase. 
 
1.3 Thesis Objective  
The main purpose of this thesis research is to invesigate structure-property 
relationship of Al-4wt.%Cu alloy reinforced with TiC and ZrC particulates using 
different fabrication process. In this respect, microstructural and physical properties 
of composites and their wear response were compared by considering the size, 
volume fraction and types of dispersed phases. Additionally, these composites were 
atomized using the Impulse Atomization process and effect of carbide particles on 
the solidification response of powders were evaluated considering the atomization 
parameters.  
This study has the following objectives: 
• Obtaining homogeneous dispersion of TiC and ZrC reinforcement particles 
within the Al-4wt.%Cu matrix alloy using different processes: 
o Mechanical Alloying (MA) method and sintering,   
o A novel Flux-assisted casting,  
o An Impulse Atomization (IA). 
• Fabricate the alternative composite materials with respect to commonly used 
Al-SiC MMCs especially for wear parts,  
• For each fabrication process: evaluate the relationship between reinforcement 
type/size/volume fraction and the resultant structure and properties (density, 
hardness, wear).  
• Exploring processing,the particle types and size effect on microstructure and 
the mechanical properties of composites using strengthening mechanisms. 
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1.4 Thesis Outline 
A layout of the individual parts of this thesis is given below: 
Chapter 2 gives some background and literature review on Al-MMCs and their 
properties considering the processing techniques. This section also describes 
literature studies about wear studies of Al-MMCs.  
Chapter 3 summarizes the processing techniques (mechanical alloying, consolidation 
process, flux-assisted casting and impulse atomization) used in this research work.  
Chapter 4 describes characterization of mechanically alloyed powders in terms of the 
morphology, X-ray diffraction (XRD) analysis and hardness.  
In Chapter 5, results from the morphological studies, XRD analysis, density and 
hardness values of hot pressed composite samples containing different size of carbide 
particles are discussed. The sliding wear properties of hot pressed samples are also 
evaluated in this chapter as a function of particle size of carbides.  
Chapter 6 provides the explanation of microstructural evolution of cast alloy and 
composites fabricated by flux-assisted casting method. Hardness and wear properties 
of Al-4wt.%Cu composites containing different volume fraction of TiC particulates 
have been evaluated.  
Chapter 7 comprises characterization investigations of impulse atomised powders in 
terms of morphological features, sieve analysis, cell size measurements considering 
the atomization parameters.  
In Chapter 8, comparisons of microstructural, physical (density, hardness) and wear 
properties of composites which are fabricated using different processes are discussed 
in detail.  
Finally, in Chapter 9, the main results are summarized and the conclusions of this 
research and recommendations for further studies about this work are given.     
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2.  LITERATURE REVIEW 
This literature review comprises mainly three parts: aluminium metal matrix 
composites, their fabrication methods, wear and wear properties. In the first part, 
aluminium metal matrix composites, their applications, properties of reinforcement 
particles were described. In the second part, fabrication methods such as powder 
metallurgy, a novel casting and rapid solidification techniques were briefly defined. 
Finally, wear phenomena, types of wear and wear properties of metal matrix 
composites were described.       
2.1 Aluminum Metal Matrix Composites 
A composite material is one composed of a mixture of two or more micro- or macro-
constituents that differ in form and chemical composition and which are essentially 
insoluble in each other [67]. Many composite materials are composed of just two 
phases. One is termed the matrix, which is continuous and surrounds the other phase, 
often called the dispersed phase. Metal matrix composite (MMC) types are 
commonly subdivided according to whether the reinforcement is in the form of (a) 
particles, (b) short fibers (with or without a degree of alignment) or (c) long aligned 
fibers and (d) whisker [67]. The discontinuous phase is usually harder and stronger 
than the matrix phase [67]. The shape of the discontinuous phase (spherical, angular, 
etc.), the size and size distribution (which controls the texture of the material) and 
volume fraction determine the interfacial area, which plays an important role in 
determining the extent of the interaction between the reinforcement and the matrix. 
Besides, concentration, usually measured as volume or weight fraction, determines 
the contribution of the reinforcement and matrix phases to the overall properties of 
the composites [37].  
Discontinuously reinforced MMCs offer nearly isotropic properties and relative ease 
in fabrication compared to continuously reinforced MMCs. Discontinuously 
reinforced Al matrix composites have received considerable attention during many 
years of research because of their desirable properties and performance, such as light 
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weight, improved thermal conductivity, high specific strength, wear resistance, good 
fatigue resistance along with the availability of comparatively low cost, high volume 
production methods [68]. 
The most common matrix alloys employed are those of aluminium, titanium, iron, 
copper, cobalt, magnesium, nickel [69].  Among them aluminium is the most studied 
metal matrix especially for low temperature (i.e., 500 oC) applications, owing to its 
high specific strengths [69]. By far, the most widely produced MMCs are based on 
aluminium alloy matrices, and these are currently used for automotive and rail 
transportation applications, thermal management, or in electronic packaging, and 
aerospace applications [70-72]. Also, use of particulate metal matrix composites for 
space and aircraft applications has dramatically increased, because of their low 
density, high strength, excellent wear resistance, better fatigue resistance and lower 
coefficients of thermal expansion compared to fiber-reinforced composites [73, 74]. 
The main reason for using aluminium composites in aerospace applications 
compared with the conventional materials are their fuel saving advantages. For 
example, Al composites reinforced with 35 vol.% SiC has  replaced carbon/epoxy in 
use of aircraft electronic racks because of its light weight (i.e.; 20% lighter than the 
carbon/epoxy composites) [75]. Similar composites are also used for cargo floor 
panel in aircrafts because of reducing weight [76]. Also, the brake rotors made of Al-
9.0Si-0.55Mg/SiC/20p casting combine the low density of aluminium with the 
stiffness and wear of ceramics [77]. They weigh only about half as much as cast iron 
systems, conduct heat three times more efficiently, and also reducing noise and 
vibration [77]. Table 2.1 gives some applications and advantages of aluminium metal 
matrix composites used in aerospace and automotive applications [78, 79].     
The reinforcement materials are classified into three different groups such as oxides, 
carbides and nitrides according to their chemical compositions [69]. During recent 
years, the articles have appeared concerning the capability to fabricate and used 
dispersion reinforcing particles like: SiC [80], TiC [81, 82], B4C [34], TiB2 [83, 84] 
and Al2O3 [85, 86] with Al-based matrix in light weight structural materials for 
aerospace, automobile industries [87].  
 
 
 
35
Table 2.1: Composites for aerospace and automotive applications and their              
advantages [78, 79]. 
Composite Applications Advantages 
Al- SiC particulate  Plane frame, stringer and rip Wear resistance 
Al-C fiber Plane engine Thermal stability and 
creep resistance 
Al-Ti/Be wire Helicopter flywheel shaft Strength 
Ti-Al/C fiber  Rocket engine Thermal stability 
Ti/Mo fiber Ultrasonic rocket hurler High service temperature 
Ti-Al/SiC Turbojet plane parts High strength and creep 
resistance 
Al-SiC particulate Piston, brake disc, shaft Weight savings, wear 
resistance 
Al-SiC whisker Connecting rods High specific strength and 
stiffness, low thermal 
expansion 
Mg-SiC particulate Pulley, engine block Wear and thermal 
resistance 
Al-Al2O3-short fiber
 Piston rings, combustion 
chamber 
Wear resistance, high 
service temperature 
Al-Al2O3-long fiber
 Connecting rod High specific strength and 
stiffness, low thermal 
expansion 
Cu-Graphite Electricity materials Low friction and wear, 
low thermal expansion 
coefficient 
Al-TiC Cylinder, bearing Low wear and weight 
saving 
Al-Al2O3-C fiber
 Engine block Weight saving, high 
strength and wear 
resistance 
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For automotive industry applications, the cost and performance are important 
challenges for aluminium matrix composites. These materials are especially used in 
components which are subjected to severe loads or extreme thermal fluctuations such 
as diesel piston crowns, brakes parts [88]. The use of particulate metal matrix 
composites for crown applications extends their operating lives from 150 to 1000h 
[89]. These composites have received considerable attention especially for disk brake 
rotor applications because of the weight saving which provides fuel economy.  
2.1.1 Properties of carbides 
 As mentioned in the previous section, the reinforcement materials include carbides 
(e.g., SiC, B4C), oxides (Al2O3, SiO2) and nitrides (e.g., AlN, Si3N4) which are in the 
form of whiskers, fibers and particulates. Typically, the selection of the 
reinforcement morphology is determined by the desired property/cost combination 
[69]. Although they have been shown to have attractive combinations of strength and 
thermal stability relative to those of particulate materials, the problems with the 
production of fiber and whisker reinforced MMCs are associated with their high 
production costs [17]. Therefore, these materials have limited use except in 
specialized applications such as military applications. The main reason for using 
particulate metal matrix composites is to reduce cost. The strength of particulate 
metal matrix composites mainly depends on size and volume fraction of 
reinforcement, matrix/reinforcement interface [90]. 
The selection criteria of the reinforcement phases include: (a) elastic modulus, (b) 
tensile strength, (c) thermal stability, (d) melting temperature, (e) coefficient of 
thermal expansion, (f) density, (g) cost, and (h) their size and shape [17]. Table 2.2 
gives the selected properties of TiC and ZrC carbides [17]. These carbides are the 
transition-metal carbides of IV group in the periodic table and they possess unusual 
properties that make them desirable and useful engineering materials for many 
industrial applications [91]. They have great hardness values, ranging from 20 to 30 
GPa. Additionally, in Table 2.2, the properties of the carbide particles were 
compared with the matrix properties. Most of the carbides have extremely high 
melting points (2000ºC–3000ºC) [92, 93]. One important property of the metal 
carbides (TiC, ZrC, TaC, WC) is their chemical stability at room temperature; they 
are attacked slowly when subjected only to very concentrated acidic media [92]. The 
metal carbides are generally very strong at high temperatures with extremely high 
 
37
values of Young’s modulus, however, they are brittle at room temperature [92]. 
Metal carbides undergo a brittle to-ductile transformation at around 1000ºC [93]. ZrC 
and TiC generally have been used as reinforcements in iron based–composites [43, 
94, 95]. The aim of using these reinforcement carbides provides fabricating relatively 
inexpensive wear resistant materials. Limited investigations have been done on the 
aluminium matrix involving complex carbides of the transition elements Zr of group 
IV [95, 96]. For example, Adisorn et. al. [95, 96] sintered AlZrC2 and Zr2Al3C5 using 
a pulse electric current sintering technique in a temperature range between 1700 and 
2000oC. They found that the density of AlZrC2 monolith increased and mechanical 
properties were improved when the sintering temperature was increased. The 
maximum values of the fracture strength and Vickers’ hardness were observed as 
380 MPa and 11.1GPa, respectively. 
Composite materials which are used for structural applications should have low 
density, high tensile strength and elastic modulus of reinforcements [92]. The 
chemical stability and compatibility of reinforcement with the matrix material are 
important for composite applications [38].  
Full realization of the properties of the reinforcing phase, however, can be achieved 
by the judicious selection of its: (a) size, (b) volume fraction, (c) dispersion in the 
metallic matrix, (d) interfacial integrity and (e) the ability of the ceramic 
reinforcement to influence the microstructural characteristics of the metallic matrix 
[17, 90, 97].  
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Table 2.2: Properties of reinforcement carbides and aluminium used in the present    
                 work [17]. 
 
Properties TiC ZrC Al 
Density (g/cm3) 4.92 6.56 2.7 
Melting point (oC) 3140 3400 660 
Microhardness 
(HV) at 20 oC 
3000 2300 25-45 
Thermal 
conductivity 
(W/mK) 
21 21 90 at 660 oC 
∆Hof,298 (kJ/mol) -183 -197 - 
Lattice 
mistmach(%) 
5.9 14.6 - 
Elastic modulus 
(GPa) 
450 350 69 
CTE (10-6 1/K) 7.74 6.74 23.6 
 
2.1.2 Strengthening mechanisms 
Several strengthening mechanisms in discontinuous particulate-reinforced aluminium 
matrix composites have been proposed [98-101]. The strengthening mechanisms in 
discontinously reinforced metal matrix composites may be due to [102]: 
1. Dislocation strengthening due to the mismatch in coefficient of thermal 
expansion between the matrix and the reinforcement, 
2. Dispersion particles (10-100 nm) strengthening, 
3. Grain size refinement,  
4. Classical composite strengthening by load transfer between matrix and 
reinforcement. 
The incorporation of carbides, for example SiC, in Al or its alloy matrices increases 
the elastic modulus and yield strength by an Orowan strengthening effect as well as 
dislocation density of the Al matrix due to the difference in thermal expansion 
coefficient between the matrix and ceramic [103, 104]. The first and the last 
strengthening mechanisms influence the tensile strength of MMCs independently 
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[37]. The effects of dislocation density on the tensile strength were effectively 
formulated by Hall-Petch relationship [99]. The difficulty with these approaches is 
that they ignore the influence of particles on the micromechanics of deformation, 
such as the modifications in microstructures like grain size and dislocation density. 
2.1.2.1 Orowan strengthening 
Orowan strengthening, caused by the resistance of closely spaced hard particles to 
the passing of dislocations, is important in aluminum alloys. It is widely 
acknowledged, however, that Orowan strengthening is not significant in the 
microsized particulate-reinforced MMCs, because the reinforcement particles are 
coarse and the interparticle spacing is large [105]. The interactions between 
dislocations and dispersed incoherent particles result in an increase of yield stress 
given by the Orowan equation [106]: 
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where G is shear modulus of the matrix, b is the Burger’s vector, ν  is the Poisson’s 
ratio, D is the mean particle size. A factor 2 is included in the numerator to convert 
the applied stress to resolved shear stress. The interparticle spacing, λ , can be 
expressed in terms of the volume fraction of second phase particles Vf, and the 
average particle diameter by [107]: 
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Orowan strengthening term is negligible for particles larger than 0.1 mµ  [108]. For 
examples, the Orowan strengthening is calculated to be ~6MPa in a composite 
containing 3µm coarse-sized particles having vol.% of 17 [109]. For melt processed 
MMCs with the usually used particles of 5 µm or larger, Orowan strengthening has 
indeed been pointed out to be not a major factor [37]. However, it may be significant 
in the age hardenable matrices where residual dislocations may affect the precipitate 
nucleation rate and size [38]. 
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2.1.2.2 Grain size strengthening  
Grain size refinement contributes to strengthening of the alloy and composites. It is 
well known that in particle-reinforced MMCs, the grain size is generally smaller 
compared to an unreinforced material of similar composition and it has been shown 
that particle-stimulated nucleation, coupled with particle pinning during normal 
grain/growth, is responsible for this small grain size [110, 111]. The flow stress of a 
material is almost universally observed to increase as the grain size decreases. The 
Hall-Petch relationship has been used to predict the effect of grain-size on 
unreinforced aluminium alloys and the grain size refinement contributes substantially 
to strengthening [112]. According to Hall-Petch relationship, the strength (H~ 3σ) 
[113] or hardness (H) of materials increases by decrease of grain size (d) [35, 36]: 
5.0−+= kdograin σσ                    (2.3) 
H=Ho + kd
-1/2                    (2.4) 
where grainσ  is the yield strength contribution from grains, k is Hall-Petch constant, 
The frictional stress, oσ
 
and k are affected by alloy content, grain size uniformity as 
well as crsytalline texture [65]. oσ  is 10 MPa for pure aluminium [114], and 
increases with increases alloy content. The Hall-Petch constant, k = 0.0725 MPa m1/2 
for pure aluminium [115], and 0.1-0.2 MPa m1/2 for Al alloys [114].  
2.1.2.3 CTE mismatch 
Dislocations resulting from the relaxation of thermal expansion mismatch between 
the matrix and reinforced particles may contribute to strengthening, as follows [110]: 
5.0
thCTE AGbρσ =                    (2.5) 
where A is a constant which is 1.25 for aluminium [110]. thρ  is dislocation density 
which can be estimated by assuming that dislocation loops of radius d/ 2  are 
punched by spherical particles with volume fraction Vf to relax the thermal 
mistmatch due to the difference in thermal expansion coefficients α∆  for a 
temperature excursion T∆ [111]: 
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where D is the mean particle size and b is the Burger’s vector. The large differences 
in coefficients of thermal expansion between Al matrix and TiC or ZrC particles 
result in misfit strains due to differential thermal contraction at the matrix-particle 
interfaces (see Table 2.2). The misfit strain and resultant misfit stress generate 
dislocations that contribute to strengthening of the metal matrix [105].  
2.1.2.4 Load transfer model 
Load transfer is largely dependent on the bond integrity at the interfaces of the 
particle reinforcement and the metal matrix. TiC and ZrC are the transition carbides 
and have more uniform distribution of electron densities and hence bonding is more 
metallic in character [38]. Therefore, these carbides exhibit good interphase bonding 
with Al without the need for dissociating bonds within the solid phase. The simplest 
load transfer model can be expressed using the classical rule of mixture for isotropic 
composites [105]: 
    	
  
                    (2.7)    
where  and  are matrix and reinforcement strengths, respectively.  
For the prepared composites, the strength of the composites does not depend on a 
unique mechanism, grain size strengthening, differences in thermal expansion 
coefficient classical load transfer through the particles are believed to be the most 
effective mechanism in increasing the flow stress of the composite.  
2.1.3 Wetting and interfaces 
Liquid-state fabrication of composite materials has been considered economically 
viable due to the low viscosity of liquid metals, net-shape manufacturing ability of 
casting processes, and possibility to control solidification of materials for desirable 
microstructure [116]. The matrix ceramic interface in the molten fabrication process 
is important for understanding of the load transfer and crack resistance of MMC in 
service conditions. In order to maximize interfacial bond strength in MMCs, it is 
necessary to promote wetting, control chemical interactions and minimize oxide 
formation [17]. Wettability is defined as the ability of a liquid to spread on a solid 
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surface. The wettability of the reinforcement material by the liquid metallic matrix 
plays a major role in the formation of bonds [17].  
In particular, the difference between the wetting and non-wetting behavior, or the 
value of the wetting angle, is essentially determined by interface energies, work of 
adhesion, and surface energies. Wetting is commonly described by the contact angle, 
θ which in turn defined by the surface energies of the solid-liquid-vapor system (see 
Figure 2.1) [117]. This angle which between a solid and a liquid is defined by 
Young’s equation [118]: 
sllvsv γcosθγγ +=                          (2.8) 
Where svsl γ,γ  and lvγ  are the interfacial energies between solid- liquid, solid - 
vapor, and liquid - vapor phases, respectively.  
 
 
Figure 2.1: Contact angle, θ, a measure of wettability for a system is defined by 
                   interaction among three surface energies: solid-liquid surface energy, γsl,  
                   solid-vapor surface energy, γsv, and liquid-vapor surface energy, γlv.   
                   [117]. 
Complete wetting occurs when contact angle approaches zero, i.e., θ <90o which 
indicates that the liquid spreads across the surface of solid phase. Generally, wetting 
under non-equilibrium condition is defined according to the work of adhesion Wa 
[117]; 
)cos1(Wa θγ += lv                     (2.9) 
This term is defined as the energy required in separating two phases. In other words, 
it is a measure of bonding between solid-liquid interfaces. For good wetting, Wa 
should be high and slγ  and lvγ  should be as low as possible.  
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The wetting phenomena between carbide and matrix materials depends on: (a) 
stability of carbides [17], (b) nature of atomic bonding of carbides [119], (c) 
composition of liquid [17, 119], (d) temperature [120] and (e) contacting time [121]. 
The carbides which have a strong interatomic bond (i.e., high heat of formation) 
show correspondingly weak interaction with metals and have poor wettability. In the 
case of oxide ceramics, wettability decreases with an increase in the free energy of 
oxide formation [121]. For example, highly stable oxides, such as Al2O3 particles are 
not wetted by aluminium and particle segregation during solidification is inevitable 
[23]. Similarly, some metal-like solids (TiC, ZrC) are more easily wetted than 
strongly ionic ceramics such as alumina that remains poorly wetted [23]. 
Two major types of interactions occur at the interface between a liquid-solid phase: 
(a) mechanical and (b) chemical bonding [122]. In particulate metal matrix 
composites, the mechanical bonding occurs as a physical interaction with molten 
metal and ceramic particles [122]. Bonding forces due to physical interactions 
typically the order of several kJ/mole, but the bonding forces due to chemical 
interactions are in the range between tens and thousands kJ/mole [119]. Chemical 
bonding in MMCs involves atomic transport by diffusion and it is generally formed 
at elevated temperatures. Therefore, chemical bonding includes the formation of an 
interfacial zone containing solid solution and /or a reinforcement matrix interfacial 
reaction zone [122].     
In the presence of oxygen, metals with a high energy of oxide formation from stable 
oxides act as effective diffusion barriers that decrease the level of interaction at the 
interface [123]. Hence, the wettability of oxides by molten metals is poor and wetting 
can only be improved using a certain temperature value in which the oxide can be 
penetrated. However, oxygen has an important role for wetting when the system 
includes some metals like copper, silver, nickel and iron [124] because of high 
oxygen is soluble in these metals. For example, it was found that the wetting angle in 
the Cu-O-Al2O3 system is controlled by the oxygen content of Cu-O melt [123]. 
Therefore, in practice, to improve the wetting of ceramic particles by liquid metals, 
one approach has been to apply metal coating to ceramics, which essentially 
increases the overall surface energy of the solid ( svγ ), thereby promoting wetting of 
the liquid metal [125]. Generally, copper and nickel metal coatings are applied on 
ceramic fibers or particulate materials such as SiC, Al2O3, TiB2, graphite to improve 
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wetting and adhesion. The liquid composition i.e., alloying elements in the liquid 
metals affect the wetting properties of the composite system. Addition of Li, Mg, Ca, 
P, Zr, Ti elements to the matrix improves the wetting of metal-ceramic system [120].  
2.1.3.1 Wettability of ceramics by molten Al metals 
Interfacial properties and, in particular wetting behavior plays an important role in 
the evolution of the microstructure during the processing stages of metal-ceramic 
composites [126]. The wettability of the reinforcement material by the liquid metallic 
matrix is important because it plays a major role for obtaining strong bonding 
between matrix and reinforcement material. Kennedy and Karantzalis [126] have 
incorporated number of ceramic particles (2 and 4 vol. %) into liquid aluminium by a 
proprietary manufacturing technique using liquid fluxes. They summarized the 
outcomes of ceramic particle additions to liquid Al and also indicated that contact 
angles for the different liquid metal, vapor and solid ceramic systems. Metal carbides 
like ZrC and TiC were successfully incorporated while the contact angle at 900oC 
was determined as 150o and 118o for ZrC and TiC, respectively (Table 2.3) [20, 126, 
127]. The ease with which incorporation occurred decreased from carbides to borides 
to nitrides [126].   
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Table 2.3: Incorporation results of various carbides into aluminium [126]. 
 Incorporation Yield Distribution Contact angle 
 
Oxides 
Al2O3 x - - 105
o, 700oC 
SiO2 x - - 150
o, 700oC 
ZrO2 x - - 150
o, 700oC 
 
Covalent 
carbides 
nitrides 
SiC x - - 134o, 800 oC 
Si3N4 x - - 160
o, 700oC 
C  
(graphite) 
x - - 157o, 800 oC 
B4C x - - 135
o, 900 oC 
 
Metal 
carbides 
ZrC √ high clusters 150o, 900 oC 
VC √ med clusters 130o, 700oC 
NbC √ low uniform 136o, 700oC 
TiC √ high uniform 118o, 700oC 
WC √ high clusters 135o, 900 oC 
 
Metal 
borides 
ZrB2 √ med uniform - 
VB2 x - - - 
NbB2 √ med uniform - 
TiB2 √ med uniform 98
o, 900oC 
AlB2 √ med uniform - 
 
 
Kobashi et. al [128] investigated the wetting properties of ZrC particles with molten 
Al alloy using different alloying elements such as Mg, Si, Zr, etc. Addition of Si 
shorthened the incorporation time of ZrC at 1073 K and zirconium silicide in the 
matrix was formed. Since it is widely known, the interfacial reactions improve the 
wettability of carbides due to reducing the interfacial energy between matrix and 
carbide particles. However, interfacial reactions such as decomposition of particles, 
diffusion and formation of reaction product might cause a degredation in the 
composite strength at elevated temperature [128]. Kobashi et. al [128] reported that 
the strength of Al/SiC composite decreased with holding time at 803 K, whereas that 
of the Al/ZrC composite did not. Many researchers stated that [23, 38, 128] the 
stability of carbides should be estimated by the total free energy change of the 
interfacial reaction for accurate estimation instead of standard free energy of 
formation of carbides.   
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2.2 Fabrication Methods 
Fabrication techniques of particulate metal matrix composites can be classified into 
two main processing approaches [17, 97]: 
• Solid-state processing: powder blending followed by sintering 
(powder metallurgy process),  explosive shock consolidation 
• Liquid-state processing: stir or compo-casting, liquid infiltration, 
squeeze casting, spray deposition, in-situ reactive processing 
2.2.1 Powder Metallurgy (PM) 
PM technique is the most frequently used solid-state processing method of 
discontinuous reinforced metal matrix composites fabrication [129]. The 
incorporation of reinforcements which have low wettability by the liquid alloy is 
possible using this technique. The PM routes is attractive because it allows 
essentially any alloy to be used as the matrix, it also allows any type of 
reinforcement because reaction between the constituents can be minimized using this 
approach.  A schematic drawing of the PM processing route is shown in Figure 2.2 
[97]. The principal steps of PM processing include blending, cold pressing, canning, 
degassing and and high temperature consolidation stage such as hot isostatic pressing 
and extrusion or forging. In general, the composite powders are first blended and fed 
into a mould of the desired shape. Pressure is then applied to further compact the 
powder (cold pressing). In order to facilitate the bonding between the powder 
particles, the compact is then heated to a temperature that is below the melting point 
but sufficiently high to develop significant solid-state diffusion (sintering). The 
consolidated product is then used as a MMC material after some secondary 
operations [130]. 
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Figure 2.2: PM processing route schematically [97]. 
In powder metallurgy process, the homogeneous distribution of reinforcement in the 
metal matrix depends on (a) mixing process and (b) the ratio of the reinforcement 
particle size to matrix particle size [73, 131]. A particle size ratio closer to one yields 
a more homogeneous microstructure. Yang et. al [131] have described the degree of 
clustering using the coefficient of variance of mean near-neighbor distance (COVd) 
for Al-SiC systems. It was reported that for large particle size ratios, i.e., (matrix size 
much greater than reinforcement size), or vice-versa, the degree of clustering is 
relatively high.  
Pressure and melting temperature are important parameters to obtain good bonding 
between metal powders. However, the problem is the presence of oxide skin which 
cover Al particle surface [132, 133]. The vacuum degassing effectively removes the 
adsorbed gasses from the powder surface and transforms the ductile hydroxide into a 
brittle crystalline oxide layer. Unfortunately, it could not remove the oxide layer 
once it had been formed [134]. Therefore, the removal of oxide layer is required to 
the secondary process such as extrusion process. The high shearing force of the 
extrusion breaks the oxide layer on the powder surface and causes metal-to-metal 
bonding between powder particles. Besides, this secondary process also help to 
eliminate the clustering of reinforcement particles and therefore achieves their more 
uniform distribution throughout the metal matrix [135].  
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 2.2.1.1 Mechanical alloying  
Over the past three decades, milling has become increasingly a common method for 
the preparation of either material with enhanced physical and mechanical properties 
or new engineering materials [92, 136]. Therefore, the term of milling modified as 
mechanical alloying which is high energy process that is capable of alloying 
elemental materials at the atomic level [137]. In the mid-late of 1960’s, Benjamin 
and his co-workers [138] have developed this technique to synthesize oxide 
dispersion strengthened Ni-based superalloys for gas turbine applications.  
Since 1990’s, the mechanical alloying (MA) process has been applied to metals, 
ceramics and polymers [139]. MA process allow fine dispersion of hard and 
refractory second phase particles in metallic matrices, the synthesis of 
nanocrystalline materials [140], the development of amorphous phases [141], the 
production of intermetallic phases [142, 143] and standard or non-standard alloy 
composition [141].  
During MA process, powder particles undergo a series of repeated fragmentation and 
rewelding and thus are subjected to extensive and repeated plastic deformation [144]. 
This is manifested by the presence of stacking faults, vacancies and increasing 
dislocations, number of grain boundaries [6].  
MA process basically can be applied for ductile-ductile and ductile-brittle component 
systems. MA process for ductile-ductile systems was first described by Benjamin and 
Volin [8]. The process evolution for ductile-ductile system was illustrated 
schematically in Figure 2.3 (a). According to Figure 2.3 (a), in the early stages of 
MA, ductile particles get flattened and with further milling cold welding occurs 
between the flattened particles. In the next stage, welding mechanism predominates 
and this causes equaxied particle formation. Alloying starts to occur at the welding of 
particles which is due to the decreasing interlamellar spacing and increasing the 
dislocation density [6]. The final stage is characterized by steady-state processing 
stage; the hardness and particle size tend to reach a saturation level. This state occurs 
when the composition of every powder particle is same as the proportion of the 
elements in the starting powder mixture [6].  
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The oxide dispersed superalloys (ODS) alloys are good examples of a ductile-brittle 
component system. Besides, ductile-brittle mechanism was also considered for the 
microstructural evolution of AlN and Si3N4 reinforced 6061 Al alloys [144]. 
Actually, ductile-brittle system is also described by Benjamin [145] and Gilman 
[146] and this schematically given in Figure 2.3 (b) [144].   
 
 
 
Figure 2.3:  Mechanical alloying process for (a) ductile-ductile component system,  
                    (b) ductile-brittle component system [144].       
In the early stages of ductile-brittle system, ductile metal powder particles undergo 
plastic deformation and get flattened by ball-to-powder collisions while brittle 
particles get fragmented [144]. At this time, the starting powders can be identified 
within the powder mixture. With further milling, ductile particles begin to weld and 
brittle particles get trapped in the ductile particles. As a result, fragmented brittle 
powders will be placed in the interfacial boundaries of ductile particles which result 
in the formation of composite particles. During the intermediate stage, rapid welding 
takes place and powder particles are refined, significantly. The formation of 
convoluted lamella structures occurs during this stage [146]. Additionally, the 
formation of solid solution begins and lamellar thickness decreases further. The 
distribution of dispersoids gradually becomes more uniform. The final stage includes 
the much refined lamellar structure and the uniform distribution of the refined brittle 
particles [146]. At this stage, the powder particles have reached their maximum 
hardness. Welding and fracture mechanisms then reach equilibrium which promotes 
the formation of composite particles [6].  
There are different types of high energy mills which are used to produce 
mechanically alloyed powders. They differ in their capacity, efficiency of milling 
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and cooling system [6]. Shaker mills such as SpexTM mill, which mill about 10-20 
grams of powder at a time, are most commonly used for laboratory scale 
investigations. As compared an Attritor mill, a SpexTM mill provides a high energy 
imput and therefore leads to a quick decrease in grain sizes. For example, the effect 
of energy imputs by milling of iron powders was investigated using a SpexTM mill 
and PulverisetteTM 5 mill [147]. It was found that after 3h of Spex milling, an 
average grain size of 20 nm was obtained whereas for the same milling time 60 nm 
grain size was achieved with the milling in PulverisetteTM mill at 180 rpm [147]. A 
variety of vials and ball materials are available for SpexTM mills, including hardened 
steel, silicon nitride and agate [136].   
Process control agents (PCA) such as stearic acid, hexane, oxalic acid, tolune are 
introduced into the powder mixture to control the MA process. They are absorbed 
onto the surface of the powder particles and minimize contact between particles and 
thereby inhibiting agglomeration [148]. Generally, the choice of PCA for milling 
depends on the nature of powder being milled and the final product properties [148]. 
The contamination of powders in MA process is an important problem which affects 
the mechanical properties of the final products [149]. The source of the 
contamination is from milling equipment, intensity of milling, nature of powder, 
milling atmosphere and the process control agents (PCA) added to the powders 
[148]. Iron contamination of powders milled using steel grinding medium was 
reported between 1 and 4 wt.%  [148], whereas contamination amounts as large as 7 
wt.% (20 at.%) iron in a tungsten-carbon mixture milled for 310 h and 13 wt.% (33 
at.%) iron in pure tungsten milled for 50 h in a SpexTM mixer mill [49, 148] were 
observed. Using the same material for the vial and milling ball as the powder being 
milled minimized contamination. The vial and the milling ball should be harder than 
the powder being milled. Another method to minimize the contamination from 
milling equpiment is optimising the milling process [148]. Using a controlled milling 
atmosphere is another way in preventing the outside atmosphere leaking into the 
milling vial and consequently into the powders.    
2.2.2 Stir casting 
In this process, ceramic particles are incorporated into the liquid Al alloy melt by 
stirring using rotating impeller [105]. Stirring of molten Al provides a vortex to force 
the light reinforcement particles into the melt. Figure 2.4 shows a schematic drawing 
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of the stir casting apparatus [105]. This casting process usually involves prolonged 
liquid-ceramic contact which leads to substantial interfacial reactions. For example, 
in Al-SiC composite systems, the formation of Al4C3 and Si can be extensive and this 
both degrades the final properties of the composite. In this process, another problem 
arises from the microstructural inhomogenity, notably particle agglomeration and 
sedimentation in the melt [38]. Therefore, the desirable microstructure of composites 
can be obtained by controlling of porosity resulting from gas entrapment during 
stirring, oxide inclusions, interfacial reaction between reinforcement and the molten 
material, as well as the clustering and migration of particles during stirring. Besides, 
this process is characterized by the limited content of dispersed phase (usually not 
more than 30 vol.%) [38]. 
 
 
Figure 2.4: Schematic of stir casting device [83].  
2.2.3 Liquid metal infiltration process 
The liquid metal infiltration process of producing Al MMCs involves filling the  
interstices of a rigid porous reinforcement phase with molten aluminum via the 
capillarly action [19]. The aluminum can be pulled into the preform with a vacuum 
or pushed into the preform with a high-pressure flow [150]. Composites having 
reinforcement volume fraction ranging from 10 to 70% can be produced using the 
infiltration process. A limitation of this method is the need for the reinforcement to 
be self-supporting. In order for the preform to retain its integrity and shape, it is often 
necessary to use a binder. Preform deformation or clustering of reinforced particles is 
detrimental to the composite mechanical properties [151]. Figure 2.5 shows the 
schematic drawing of squeeze casting infiltration process. This method is a forced 
   Particles 
Liquid metal (Al) 
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infiltration method of liquid phase fabrication of MMCs, using a movable mold part 
(ram) for applying pressure on the molten metal and forcing it to penetrate into a 
performed dispersed phase, placed into the lower fixed mold part.  
  
 
Figure 2.5: A schematic drawing of squeeze casting infiltration device [152].  
2.2.4 Spray deposition process  
Spray deposition process involves spray atomization of molten aluminium and 
injection of reinforcement particles into the stream of molten aluminium particles 
(Figure 2.6a) or droplets of the molten metal are sprayed together with the 
reinforcing phase (Figure 2.6b). The spray collected on a substrate where the metal 
solidification is completed. The critical parameters in this process are the initial 
temperature, size distribution and velocity of metal drops, feeding rate of the 
reinforcement, and the feeding angle [59].   
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Figure 2.6: Schematic of spray deposition process with respect to the particle   
                   feeding (a)through dispenser and (b) premixing in the crucible [59].  
 
In this process the segregation due to the gravity is avoided and the interfacial 
reactions between aluminium and the reinforcement materials can be minimized due 
to the short contacting time [60]. The main drawback of this method is high cost. 
High different cooling rates and improper collision angles lead to many of the 
particles to not be engulfed by the molten aluminium during their flight. Therefore, 
particles are not strongly bonded to the matrix and the mechanical properties of 
composites produced by spray deposition have not been impressive [51, 60].  
2.2.5 Flux-assisted casting technique  
As mentioned at the beginning of this chapter, in liquid-state processing, the matrix 
is in its molten-state during composite fabrication. The schematic representation of 
the conventional casting process is given in Figure 2.7 [122]. In casting process, the 
ability to incorporate reinforcement particles into molten metals is important for the 
cost-effective manufacture of metal matrix composites. Two fundamental 
phenomena are responsible for the particle distribution and the final microstructure 
[23]: (a) particle- liquid metal interactions and (b) the particle-solidification front 
interactions. The major concern here is matrix-reinforcement reactivity, which has a 
profound effect on both the ease of processing and the final composite performance 
[24]. Since metals in the liquid state react generally more rapidly than in the solid-
state, a significant amount of brittle interfacial phases is often formed due to 
reactions between the reinforcement and the matrix, resulting in variations of the 
interfacial strength and hence of the mechanical properties of the composites. 
Another obstacle for incorporating reinforcement particles is the oxide layer that is 
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usually present on melt and reinforcement particle surfaces [23]. During the casting 
process, oxide films, which are mechanical barriers to particle entry, can be 
minimized using appropriate use of flux [24, 23].    
 
 
Figure 2.7: Conventional casting method [122]. 
Considering liquid state systems, the K-Al-F flux assisted casting is an effective 
method to provide good interfacial bonding which in turn for yields high strength 
composites without stirring [24]. This casting technique allows successful 
incorporation of reinforcement particles in a broad range into molten Al metal. It has 
been reported [24, 25] that strength of composites produced by flux agents is higher 
than that of composites manufactured from metal powders. The use of K-Al-F based 
flux provides to overcome both thermodynamic (i.e. wettability of reinforcement) 
and mechanical barriers (i.e. surface oxide films) and improves the wetting properties 
of melt during casting [24]. 
2.3 Powder Fabrication Methods 
2.3.1 Atomization process 
Atomization is the dominant method for producing metal and prealloyed powders 
from aluminium, brass, iron, low-alloy steels, stainless steels, tool steels, superalloys, 
Ceramic particles 
Extrusion billet 
Ingot grade aluminum 
Rolling Blank 
Melt 
Foundry ingot 
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titanium alloys, and other alloys [153]. Atomization is simply the breakup of a liquid 
into fine droplets. The classification of atomization processes are given schematically 
in Figure 2.8 [153]. According to this figure, the general types of atomization process 
are classified as:  
• Two-fluid atomization, where a liquid metal is broken up into droplets by 
impingement of high-pressure jets of gas, water, or oil (Fig. 2.8a and b) 
• Centrifugal atomization, where a liquid stream is dispersed into droplets by 
the centrifugal force of a rotating disk, cup, or electrode (Fig. 2.8c) 
• Vacuum or soluble-gas atomization, where a molten metal is supersaturated 
with a gas that causes atomization of the metal in a vacuum (Fig. 2.8d) 
• Ultrasonic atomization, where a liquid metal film is agitated by ultrasonic 
vibration (Fig. 2.8e) 
 Figure 2.8: Classification of atomization processes [
 
Rapid solidification (RS) is a tool for modifiying the microstructure of alloys from 
that obtained by ordinary casting. 
atomization allow cooling rates many orders of magnitude above those in casting 
processes, ranging from 102 to 10
methods that may produce such changes are [1]: (a) melt spinning to yield thin 
(approximately 100 µm) ribbon or fiber, (b) atomization to produce powder (100 to 
200 µm), and (c) surface melting/deposition and 
surface layers (0.1 to 200µm
56
153].  
The powder particle sizes resulting from 
7 K/s [147]. Three general classes of RS processing 
resolidification to produce thin 
). Rapidly solidified powders are one of the most 
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popular products. RS powders (aluminium, brass, iron, low-alloy steels, stainless 
steels, tool steels, superalloys, titanium alloys, and other alloys) are commonly 
produced by atomization techniques which have become the dominant mode of 
powder production because high production rates favor economy of scale [1].  
The powder characteristics such as average particle size, particle size distribution or 
screen analysis, particle shape, chemical composition (including surface 
composition), and microstructure are influenced by process variables [153]. The 
atomizing process parameters are divided into three types; control, dependent and 
product variables. Examples of control parameters are the temperature of molten 
metal, the pressure of the atomizing medium, the head of molten metal in the tundish, 
and the flow rates of the molten metal and the atomizing medium. Dependent 
parameters involve the velocity of the molten metal droplets and of the atomizing 
medium, size and size distribution of droplets and cooling rate. The product variables 
are size and size distribution, microstructure, chemistry and shape of metal powders 
[1, 63]. A comparison of several atomization tehniques with respect to size 
distribution, typical mean size, particle shape, relative powder fabrication cost is 
given in Table 2.4 [154].  
Table 2.4 : Comparison of atomization techniques [154]. 
Process Size 
range, µm 
Particle shape Distribution Cost 
Water atomization 5-800 irregular, nodular wide low 
Gas atomization 15-300 rounded,spherical moderate low 
Rotating electrode 200-600 spherical bimodal high 
Rotating disc 50-300 spherical moderate high 
Melt spinner 200-1000 flake moderate low 
Melt explosion 150-500 spherical moderate moderate 
Plasma atomization 5-80 spherical narrow high 
Spark erosion 1-20 spherical moderate high 
Impulse atomization 200-1000 spherical narrow moderate 
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2.3.2 Impulse atomization  
Impulse atomization (IA) is a novel atomization process developed at the Advanced 
Materials and Processing Laboratory, University of Alberta, Canada. IA process can 
be operated under two different modes with respect to the desired size of droplets: (a) 
impulse mode which generates droplets with narrow size distribution, and (b) gravity 
impulse mode which generates monosized granules (≥  1 mm in size). The impulse 
atomization unit includes the impulse generator, the mechanical drive, a tundish and 
a nozzle plate complete with orifices [61, 63]. Standard refractory materials are used 
for the tundish, plunger and orifice plate depending on the charged material. The 
main mechanism of this atomization technique is to periodically accelerate the fluid 
in a crucible through orifices located at the bottom of the crucible. The ensuing 
discontinuous melt streams break down into small droplets that fall through the 
stagnant gas in the chamber. A schematic of the process is shown in Figure 2.9. 
 In this process, the particle size and distribution of produced droplets can be 
controlled by the plunger acceleration (between 30 to 100 Hz), orifice size, melt 
superheat temperature [49]. Droplets of various alloys, including Pb-Sn, Zn-Al, Al-
Cu, Al-Ni-Fe, 6061 Al, Se, Cu, Fe-C have been produced by IA [49, 61]. 
Atomization has been carried out at melt temperatures as high as 1800 K with 
powders 200 ≤  d50 ≤ 1000 µm. The powders have a narrow particle size 
distribution; the standard deviation (d84/d50) range is 1.1 ≤ σ ≤  1.6 using this 
process. This makes IA process a relatively inexpensive atomization process for 
metallic or ceramic powders, with a high yield of powder in a desired size range 
[155].  
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Figure 2.9: Schematic illustration of impulse atomization process [61].  
2.4. Summary 
In summary, particulate MMCs are most commonly manufactured either by melt 
incorporation and casting technique or by powder blending and sintering. Fabrication 
techniques employed for the production of metal matrix composite material and 
components depend on the types of matrix and reinforcement particles. These are 
classified according to whether the matrix is in the liquid, solid or gaseous state when 
it is combined with the reinforcement [38]. Each of these processing routes has many 
advantages and disadvantages. For example, excessive interfacial reaction during 
processing, and also microstructural defects such as poor interfacial bonding, internal 
voids and clustering of the reinforcement are possible difficulties for composites 
fabricated by liquid-state routes. In this thesis mainly mechanical alloying and 
sintering as a solid-state processing, flux-assisted casting and impulse atomization 
process as liquid-state processing have been utilized to fabricate Al-base MMCs.   
2.5 Wear 
Wear may be defined as the removal of material from one or both of two solid 
surfaces in a sliding, rolling, or impact motion to one another as a result of 
mechanical action [156]. Fundamental mechanisms in the process of material 
removal can be shear fracture, extrusion, chip formation, tearing, brittle fracture, 
fatigue fracture, chemical dissolution, and diffusion [157]. Wear resistance is an 
Nozzle plate 
Driver 
Impulse 
generator 
Tundish 
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important property consideration in engineered materials and depends on the 
interaction of the material with its environment, usually in the presence of an 
abrasive material and possibly a lubricant.  
2.5.1 Types of wear 
Wear types are generally classified as: (a) adhesive wear, (b) abrasive wear and (c) 
erosive wear [157]. These wear mechanisms; however, do not necessarily act 
independently in many applications. 
2.5.1.1 Adhesive wear 
Adhesive wear is due to localized bonding between contacting solid surfaces leading 
to material transfer between the two surfaces or loss from either surface (Fig. 2.9) 
[158]. Adhesive wear is encountered when two smooth bodies are slid over each 
other, or pressed into one another and fragments are pulled off one surface and 
adhere to the other, due to strong adhesive forces between atoms [158].  
The mechanism of adhesive wear occurs due to contact possibly producing surface 
plastic flow, scraping off soft surface films or breaking up and removing oxide layers 
[159]. The removal of material, or wear, takes the form of small particles. These 
small particles are usually transferred to the other surface but may come off in loose 
form. Figure 2.10 illustrates schematically adhesive wear with a transferred metal 
layer. Mild wear occurs when the loads are light and the natural spontaneous 
oxidation of a metal can keep up with the rate of its removal by wear, then that wear 
rate will be relatively low (the oxide acting as a lubricant)[158]. Severe wear takes 
place when the loads are high and the protective oxide is continually disrupted to 
allow intimate metallic contact and adhesion, then the wear rate will be high [158].  
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Figure 2.10: Adhesive wear shows the welded asperities due to high contact stresses 
                    [158]. 
2.5.1.2 Abrasive wear 
Abrasive wear occurs when asperities of a rough, hard surface or hard particles such 
as ceramic particles, SiC, TiC slide on a softer surface and damage the interface by 
plastic deformation or fracture [158]. In the case of ductile materials with high 
fracture toughness, hard asperities or hard particles result in the plastic flow of the 
softer material. The type of contact determines the mode of abrasive wear. The two 
modes of abrasive wear are known as two-body and three-body abrasive wear 
according to the type of contact [160]. These hard "asperities" may in fact be small 
discrete particles, or may be asperities on a larger body. Figures 2.11 (a) and (b) 
show schematically the two-body and three-body abrasive wear, respectively. The 
most obvious manifestation of this kind of wear is the grooves produced in the 
surface, and for this reason, abrasive wear has also been termed as grooving wear 
[161]. Two-body wear occurs when the grits, or hard particles, are rigidly mounted 
or adhere to a surface, when they remove the material from the surface. The common 
analogy is that of material being removed with sand paper. Three-body wear occurs 
when the particles are not constrained, and are free to roll and slide down a surface 
[157]. The contact environment determines whether the wear is classified as open or 
closed. This type of wear can cause scratches, wear grooves and lead to material 
removal.  
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Figure 2.11: Abrasive wear (a) two-body, (b) three-body [160].  
2.5.1.3 Erosive wear 
Erosive wear is caused by the impact of particles of solid or liquid against the surface 
of an object [162], Fig. 2.12. The impacting particles gradually remove material from 
the surface through repeated deformations and cutting actions [163]. It is a widely 
encountered mechanism in industry. A common example is the erosive wear 
associated with the movement of slurries through piping and pumping equipment. 
 
Figure 2.12: Schematic representation of erosive wear [162]. 
The rate of erosive wear is dependent upon a number of factors [162]. The material 
characteristics of the particles, such as their shape, hardness, impact velocity and 
impingement angle are primary factors along with the properties of the surface being 
eroded [163]. The impingement angle is one of the most important factors and is 
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widely recognized in literature [164]. For ductile materials, the maximum wear rate 
is found when the impingement angle is approximately 30o, whilst for ductile 
materials the maximum wear rate occurs when the impingement angle is normal to 
the surface [164]. 
2.5.2 Wear properties of metal matrix composites 
As described above, wear is generally defined as the removal of material by chemical 
or mechanical action [157]. The mechanical and tribological behaviour of the Al-
based MMCs have been studied extensively and the composites exhibit better wear 
resistance than the unreinforced matrix alloys for sliding against metals and abrasives 
[124, 165]. For tribological applications, metal-matrix composites must be able to 
support a load without excessive distortion, deformation, or fracture during 
performance and to maintain controlled friction and wear over long periods without 
breakdown under working conditions [166]. Ceramic particles generally used as 
reinforcements include carbon, silicon carbide, and alumina, which have low 
adhesion to a metallic counterface [166]. Wear resistant ceramic reinforced Al 
MMCs have also been used in tribological applications such as brake rotors, piston 
rings and cylinder liners in automobiles and these parts are generally subjected to 
sliding motion [165]. The presence of hard or soft particles in a matrix can greatly 
influence the wear behaviour. The composites containing hard particles generally 
exhibit different friction and wear behavior than composites containing soft particles 
in alloys with the same matrix [166]. The asperity of the counterface can easily break 
through softer particles such as carbon; it cannot do so through harder particles such 
as alumina or silicon carbide.  
The principle tribological parameters that control the friction and wear performances 
of reinforced aluminum composite can be classified into two categories. One is 
mechanical and physical factors and the other is material factors [39]. The 
mechanical and physical factors can be identified as sliding velocity and normal load, 
whereas, concerning the material factors they are volume fraction and type of 
reinforcements. The volume fraction reinforcement has the strongest effect on the 
wear resistance and this has been studied by many researchers [167-170]. Many 
research investigations on MMCs containing different type of reinforcements have 
been carried out [170-172]. The outcome of all these findings is that wear properties 
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are improved remarkably by introducing hard intermetallic compound in to the 
aluminum matrix. 
Hogmark et. al. [173] and Sato and Mehrabian [174] have found reduced wear rate of 
Al alloy with respect to matrix alloy when the matrix contained hard particles. 
However, dispersoids play an important role in wear behaviour and an increase in the 
wear rate of the matrix is observed when the bonding between the matrix and the 
dispersoids is poor. Strong bonding between the constituents of an MMC results in 
reduced particle pull out or detachment which leads to less third-body wear during 
the wear process [175]. 
Bhansali and Mehrabian [175] reported that for the same Al alloy matrix (2014-2024 
Al), Al2O3 reinforced MMCs exhibited higher wear resistance than SiC reinforced 
MMCs. This behavior was attributed to the brittle interface that SiC forms with the 
Al-alloy matrix. It is conventional to classify adhesive wear as mild or severe under 
dry conditions as it is of interest in the present thesis work. Arnell et. al [176] have 
reported that mild to severe wear transition occurs when the maximum shear stresses 
in the region of contact reaches one sixth of the material hardness. Hutchings et. al 
[177] reviewed the effects of reinforcement material, volume fraction, matrix alloy 
strength, and particulate size on wear mechanisms in Al MMCs. For sliding wear 
conditions of Al MMCs, the following conclusions can be summarized from their 
work [175]: (a) depending on the wear conditions, for constant volume fractions, 
composite containing larger particles show greater wear resistance than their 
unreinforced counterparts and composites containing smaller particles, (b) if the 
reinforcement particle is well bonded to the matrix, the composite wear resistance 
increases continuously with increasing volume fraction of ceramics particles. This 
critical volume fraction depends on the load applied during the wear test, (c) at 
higher applied loads, particle fracture take places and large strains were generated 
within the aluminium layers adjacent to contact surfaces. This led to delamination of 
particles, hence no improvement of wear resistance was observed in composites 
compared to unreinforced Al alloys. Many of the works published in the literature 
are mainly concerned with the wear properties of SiC, Al2O3 particle reinforced Al 
alloys [173-177]. However, up to now no work has been done with ZrC as 
reinforcement. Therefore, the present investigation is aimed at preparation of MMCs 
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using TiC and ZrC as reinforcing materials and to study their wear properties with 
respect to reinforcement size and the volume fraction.  
2.5.3 Evaluation of wear test results 
As discussed above there are several mechanisms for wear and these mechanisms are 
sensitive to a wide range of parameters. Wear behaviour of composite materials can 
not be characterized by using a single, unique parameters, since there is no single, 
universal test for wear [178]. A large number of wear tests has been described in the 
literature [178]. Wear is not a measure of a fundamental or an intrinsic material 
property, like modulus and strength. The wear mechanism is governed by various 
material’s factors such as hardness difference between counter faces, hardness of the 
reinforcement and the matrix, amount of reinforcement, the size and shape of 
reinforcement, hardness, distribution of reinforcement, bond strength between the 
reinforcement and the matrix, interfacial reaction between the reinforcement and the 
matrix, porosity and pore distribution [178]. The characteristics of the engineering 
system also depend on extrinsic factors such as load, speed, temperature, and the 
environmental condition [179]. Rather, it characterized the material’s behavior in the 
system environment. Therefore, materials behave differently in different wear 
situations. After wear test, wear track area is measured using the profilometer and 
depth and width of wear scars to determine the wear volume of materials. Figure 
2.13 shows a wear track occurred after wear test. 
 
Figure 2.13:  Determination of wear area from a profilometer trace.  
The width and depth of wear scar can be used to compute the volume by means of 
the following equation [41]:   
 
Wear track area 
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                                                                                                           (2.10) 
where V is wear volume, W is width and D is depth of the wear scar. 
The improvement in wear resistance in aluminum matrix composites could be 
described in terms of relative wear resistance. This is defined as the ratio of wear 
resistance of composites to that of the alloy [178]. Therefore, the wear resistance of 
the alloy was generally taken as having a reference value of 1.0. 
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3. EXPERIMENTAL PROCEDURES 
 
The experimental procedures carried out in the present dissertation work  are divided 
into four parts. The first part comprises the preparation of composite powders using 
mechanical alloying (MA) process, optimization of MA time and characterization 
investigations of mechnically alloyed (MA) powders. The second part corresponds to 
fabrication of composite materials using vacuum hot pressing of MA powders after 
milling for 180 min. The third part pertains to the fabrication of the composites using 
a flux-assisted casting technique. These composites were also used as feedstock for 
the final part, for the fabrication of composite droplets using a rapid solidification 
process, i.e., Impulse Atomization (IA) process. Throughout this study, different 
characterization techniques were used. Experimental details associated with these 
techniques are explained in this chapter.  
This study involves the fabrication of ZrC and TiC particulate reinforced Al-4wt.% 
Cu composites using the powder metallurgy process (mechanical alloying and 
vacuum hot pressing) and production of composites with the combined processes 
(flux-assisted casting process and impulse atomization process). A  flow chart of the 
experimental approach used for this study is given in Figure 3.1. Each of these will 
be discussed in this chapter in more detail.   
In addition, Al-4wt.%Cu composites containing different volume fractions of TiC 
(2.9 µm) were fabricated using the K-Al-F flux-assisted casting method. For 
convenience, the flowchart of the composites containing different volume fraction 
(5-20 vol.%) is presented separately in liquid-route processing section.  
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Figure 3.1: Flowchart of the experimental procedures of the present work. 
3.1 Mechanical Alloying 
Five different batches of powder samples were prepared to constitute the following 
compositions: Al-4wt.% Cu, Al 4wt.%Cu-10 wt.% ZrC (8 µm), Al-4wt.%Cu-10 
wt.% ZrC (157 µm), Al4wt.%Cu-10 wt.% TiC (13 µm) and Al-4wt.%Cu-10 wt.% 
TiC (93 µm) hereafter termed as the Al4Cu, Al4Cu/ZrC-8, Al4Cu/ZrC-157, 
Al4Cu/TiC-13 and Al4Cu/TiC-93, respectively. The loading and the handling of the 
as-received metal powders is critical to the MA powders produced. The powders 
exposure to the atmosphere was held to a minimum to prevent any oxidation or 
contamination of the as-received powders. Therefore, these powder batches weighing 
a total of 8 g were sealed in a hardened steel vial in a Plaslabs™ glovebox filled with 
argon gas (99.995% purity) atmosphere to prevent oxidation during MA. 3 wt.% of 
stearic acid was used as a process control agent to retard excessive cold welding 
during the mechanical alloying process. Mechanical alloying process was carried out 
during 90, 120, 150, 180 and 210 min in a high energy Spex 8000DTM Mixer/Mill 
with 6.36 mm stainless steel balls. A ball to powder weight ratio of 7:1 was used. 
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Figure 3.2 shows the Spex 8000DTM Mixer/Mill with steel vials and milling balls and 
the glove box.   
 
 
Figure 3.2: The equipment used during mechanical alloying process: (a) SpexTM  
                    mixer mill, (b) PlabslabsTM glove box, (c) stainless steel vial and milling 
                    balls.  
3.1.1 Raw materials  
Elemental aluminium (Al), copper (Cu) and zirconium carbide (ZrC) powders with 
the average particle sizes of 8 µm and 157 µm and titanium carbide (TiC) with the 
average particle sizes of 13 µm and 93 µm powders were used as starting materials 
for mechanical alloying process. Particle size measurements of the as-received 
powders were performed using a MalvernTM laser particle size analyzer. The 
technical properties of starting powders are given in Table 3.1.  
Table 3.1: Technical specifications of the as-received powders. 
Powders Source Product # Mesh Size Mean 
particle 
size, µm 
Purity (%) 
Al Alfa Aesar 11067 -325 14 99.7 
Cu Alfa Aesar 13990 -325 
(10%max+325) 
22 99.0 
ZrC Alfa Aesar 35808 -325 8 99.5 
ZrC AEE ZR-303 -100 157 99.8 
TiC AEE TI-301 -325 13 99.9 
TiC AEE TI-303 -100+325 93 99.9 
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3.1.2 Characterization of mechanically alloyed powders and sintered samples 
3.1.2.1 SEM examination and XRD analysis 
The scanning electron microscope (SEM) images provide particle size, shape and 
distribution of carbides or precipitates within the matrix structure. In this work, 
scanning electron microscopy (SEM) was used to observe the evolution of powder 
morphology during the ball milling process. For SEM investigations of particle 
morphology and size, small amount of milled powders were sprinkled onto the 
carbon tape. A thin gold-palladium coating was applied onto the surfaces of milled 
powders for imaging purpose. Microstructure of these samples were examined using 
JEOL™ JSM T330 SEM at Istanbul Technical University (Fig. 3.3a). Furthermore, 
SEM investigations of sectioned powders were performed in a HitachiTM S-2700 
model SEM equipped with a PGT imix digital imaging system located at University 
of Alberta (Fig. 3.3b). Prior to SEM analysis of the cross section of the 180 min of 
MA powders, they were cold mounted using StruersTM epoxy resin and hardener. 
The two were stirred and mixed slowly and placed in an oven for 10 min to remove 
the gas bubbles. These are poured the plastic cup containing the powder of interest. 
This was left for 6 hours for the epoxy mount to set. Mounted powder samples were 
ground manually using 400, 600, 800 and 1200 grit SiC paper. After grinding, the 
samples were polished using 0.5 µm Al2O3 using soft cloth and etched using HF 
solution (200 ml distilled water, 1 ml HF) prior to the SEM measurements. Similar 
metallographical procedures have been applied for sintered samples. SEM 
investigations of the sintered samples were performed at the University of Alberta 
(UA) laboratories in a JeolTM Model JSM 6301 FXV SEM operated at 20 kV and 
equipped with an IXRFTM energy dispersive spectrometer (EDS). The SEM was used 
either in the secondary (SE) or backscatter electron image (BEI) modes. SE image 
mode gives a fully illuminated image of the surface topography with better spatial 
resolution while the BEI mode gives phase contrast due to its sensitivity to the 
detector orientation.    
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Figure 3.3: SEM instruments used for evaluating powder morphologies and cross  
                  sections: (a) JEOL™ JSM-T330, (b) HitachiTM S-2700 model SEM. 
X-ray diffraction (XRD) investigations were conducted to identify crystal structures 
using a beam of X-rays with generation of a high voltage electric discharge. In this 
study, as-received powders which are mechanically alloyed at different times were 
examined using the XRD analysis to observe the effect of MA time on the crystal 
structure of powders. X-ray diffractometry (XRD) was used to measure the progress 
of the MA process which causes crystallographic changes in the powders. This can 
be recognized from XRD peak broadening. Besides, X-ray diffraction technique was 
used to identify the crystal structure and the phases present in sintered samples. XRD 
investigations of the both powders and sintered samples were carried out using a 
BrukerTM D8 advance instrument (Figure 3.4) located in Particulate Materials 
Laboratories (PML) at Istanbul Technical University. A standard CuKα (λ
Kα1 
= 
0.154056 nm) at 40 kV and 40 mA settings in the 2θ range from 30 to 90o for 
powders and from 10o  to 90o for sintered samples employing a step size of 0.02o .  
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Figure 3.4: BrukerTM D8 XRD instrument. 
3.1.2.2 Particle size and surface analyses 
One of the most versatile instruments to measure particle size operates on the 
principle of coherent light scattering (laser diffraction). Particles, while suspended in 
a slurry, are pumped in front of a laser beam. From the angle and intensity of the 
diffracted beam, the particle size distribution is calculated according to Mie 
scattering theory [154]. When first developed, these instruments had an operating 
range of approximately 1 to 250 µm [180]. With more sensitive detectors and more 
advanced technology, these light scattering devices can effectively measure particles 
in the range of 0.01 to more than 5000 µm [180]. Several issues must be addressed in 
using coherent light scattering for particle size analysis. Care must be taken to ensure 
that the powder is adequately dispersed in the slurry. This is accomplished by adding 
a surfactant to the slurry. The appropriate surfactant is a function of the powder 
[181]. For example, sodium oxalate, sodium tartarate, or sodium hexametaphosphate 
surfactants provide adequate dispersion for aluminium [180]. In the present study, 
small amount of powders are poured into a small beaker and little amount of pure 
water added to cover the particles. Only two drops of sodium hexametaphosphate are 
used as surfactants and added into the powder slurry. In order to break up the 
aggregates, this prepared slurry is held in an ultrasonic bath for 5 min. Particle size 
analysis of MA powders were carried out using MalvernTM Hydro 2000 G laser 
particle size analyzer (Figure 3.5a) in PML at Istanbul Technical University.  
The surface area of metal powder can be measured by gas adsorption, permeametry, 
or from particle size distribution analysis. The gas adsorption is also known as the 
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Brunauer-Emmet- Teller (BET) method [19, 150]. BET determines the surface area 
of a powder sample by measuring the amount of gas necessary to cover the powder 
surface with a monolayer of gas like nitrogen, krypton [182]. A strong attribute of 
the BET method is its ability to include surface area measurements of interior 
surface-connected pores [154]. In this study, the specific surface areas of 180 min 
milled powders were measured by nitrogen adsorption at liquid nitrogen temperature 
using a QuantachromeTM Autosorb 1C apparatus (Figure 3.5b).  Before analysis, the 
milled samples were outgassed in helium for 12 h at 150oC. The sorption isotherms 
(quantity of nitrogen adsorbed onto the sample surface at various pressures) were 
measured at 77 K and particle surface area measurements were analyzed using the 
Barret, Joyner and Halenda (BJH) method [183]. 
(a)                                                                               (b) 
                             
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: (a) MalvernTM Hydro 2000 G laser particle size analyzer, (b) surface  
                    analysis instrument (Quantachrome Autosorb 1CTM). 
3.1.2.3 Hardness measurements 
To evaluate the hardness properties of the MA composite powders, the samples were 
cold mounted in plastic molds using epoxy resin and hardener. The mounted 
specimens were prepared using the standard metallographic techniques. Vickers 
microhardness measurements were performed on the cold mounted and polished MA 
powders were obtained using Shimadzu™ microhardness tester (Figure 3.6) located 
in PML at Istanbul Technical University. According to Ref. [184], a load of 10 g for 
15 seconds was applied  and at least 15 impressions were made on each sample to 
obtain mean microhardness values and standard deviations. Besides, Vickers 
microhardness measurements of the sintered samples were performed under a load of 
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200 g for 15 seconds. At least 15 impressions were taken from each samples to 
obtain average microhardness values and standard deviations.  
 
Figure 3.6: SchimadzuTM Vickers hardness tester. 
3.2 Fabrication of Composites 
3.2.1 Consolidation and sintering-vacuum hot pressing 
Powder blending followed by consolidation and sintering is a common solid state 
fabrication technique. Vacuum hot pressing is a high pressure uniaxial and low strain 
rate forming of powders at a specified temperature for sintering [185]. This technique 
is often used to consolidate materials that are unstable at high temperatures, such as 
refractory ceramics, B4C, TiC, ZrC, etc. [186]. Graphite dies are used and vacuum is 
often selected for process environment to minimize contamination of the compact. 
The densification with the high pressing occurs with the following processing: (a) 
firstly, particle rearrangement and plastic flow of particle contacts, and (b) secondly, 
effective stress falls below the in situ yield strength and further densification depends 
on the grain boundary and volume diffusion rates [186]. A schematic example for hot 
pressing is given in Figure 3.7a.  
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(a)                                                                (b) 
 
                                 
 
 
 
 
 
 
Figure 3.7: Hot press (a) schematic representation, and (b) CentorrTM 
                    vacuum hot press. 
In the present work, mechanically alloyed composite powders containing various 
sizes of TiC (13 µm, 93 µm in size) and ZrC (8 µm, 157 µm in size) particles and the 
matrix alloy Al4Cu prepared from elemental powders were sintered using CentorrTM 
vacuum hot press (VHP) (Figure 3.7b). Vacuum hot pressing experiments were 
performed at 550oC for 1 h in graphite dies having a square cavity size of  50 mm x 
50 mm x15 mm. A pressure of 70 MPa was applied after the second 30 min of dwell 
time at the temperature of 550oC. A heating rate of  50 oC/min was used throughout 
the vacuum hot pressing experiments. To prevent oxidation and avoid flammability 
of alloyed powders, they were first wrapped in aluminium foil under a protective 
environment and then wrapped powders were placed into the mold prepared from a 
copper foil which completely fits into the graphite mold. Figure 3.8 shows these pre-
consolidated MA  powders and the sintered final sample after vacuum hot pressing. 
Prior to heating, the hot press chamber was evacuated to a pressure of approximately 
10-5 torr followed by flowing Ar gas at a rate of 30 ml/min. After sintering, the 
specimens were allowed to furnace cool.  
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Figure 3.8: Composite powder samples before and after hot pressing. 
 3.2.2 TEM studies  
Transmission electron microscopy (TEM) was utilized in order to determine the 
distribution and morphology existing precipitates in sintered samples. The sintered 
samples were sectioned using a diamond saw cutter. The majority of samples were 
mechanically thinned to 150 µm and twin-jet electropolished using a FischioneTM 
twin-jet electropolishing unit. The electropolish solution was a mixture of 25 vol. % 
HNO3 and 75 vol. % methanol. The voltage was 12 V, and the temperature of 
electropolishing solution -22 oC. The electropolished foils were examined in a 
JEOLTM 2010 TEM operated at 200kV and photographs under bright field (BF), 
selected area diffraction (SAD) and corresponding EDS analysis were recorded. 
Chemical compositions of microstructural features were determined using a NoranTM 
ultrathin window (UTW) energy dispersive (EDS) attached to a TEM instrument 
(Figure 3.9).    
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Figure 3.9: JEOLTM 2010 TEM used in this work.  
An electron beam passing through a polycrystalline will produce a diffraction pattern 
equivalent to that produced by a beam passing through series of single crystals of 
various orientations [187]. The diffraction pattern taken from a polycrystalline 
sample will therefore look like a superposition of single crystal spot patterns: a series 
of concentric rings resulting from many spots very close together at various rotations 
around the centre beam spot. From the diffraction rings one can also determine the 
type of crystal structure and the "lattice parameter". The radius of each ring is 
characteristic of the spacing of the reflecting planes in the crystal and the 
magnification settings of the microscope lenses. The following procedures are 
followed to index the ring patterns [187, 188]: 
1. When the identity of the material is known, it is required to: 
(a) Measure the ring diameters, 
(b) Determine the ratios of the squares of the diameters of the outer rings to 
that of the first or second (low-index) ring, 
(c) Check the ratios against a table of ratios of the interplanar spacings for the 
crystal structure of interest. 
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2. When the identity of the substance is unknown, it is required to: 
(a) Measure the diameter of the rings. 
(b) Convert the distances into interplanar spacings (dhkl) using the camera 
constant defined as rdhkl=Lλ, where r is the radius of a ring and Lλ is camera 
constant.   
(c) Use ASTM (American Society for Testing Materials) index to identify the 
phase, starting with the most likely on the basis of the known constituents of 
the alloy. 
3.2.3 Density measurements  
The method is based on the Archimedes' principle; the apparent weight of an object 
immersed in a liquid decreases by an amount equal to the weight of the volume of 
the liquid that it displaces. The sinter densities of the matrix alloy and composites 
were obtained by weighing samples first in air and then in ethanol, and calculating 
the density by the Archimedes’ method. In addition, a relative density for each 
sample was determined by using the density ratio of Archimedes density divided by 
the theoretical density which is calculated using the rule of mixture. The density of 
sintered samples was measured by means of Archimedes’ principle using PrecisaTM 
XB220A balance, as shown in Figure 3.10. 
 
 
Figure 3.10: Precisa™ XB220A balance instrument where the Archimedes density 
                    measurements carried out.  
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3.2.4 Wear tests 
Wear properties were determined using a TribotechnicTM dry sliding reciprocating 
wear instrument designed according to ASTM G133 standard by rubbing 1.587 µm 
steel ball (100 CR6 -62 HRC) on the surfaces of composites under normal load of 3N 
at normal atmospheric conditions (25 oC and at about 50 % relative humidity 
conditions). Total sliding distance and sliding speed were selected as 40 m and 10 
mm/s, respectively. Before each wear test, each specimen was metallographically 
polished in order to make sure that the wear surface was in entire contact with the 
surface of the steel ball (ISO 3290). Each test was performed using a fresh steel ball.  
After wear tests, the worn surfaces were examined by a JEOLTM JSM-6301 scanning 
electron microscope operated at 15 kV to identify the wear mechanism. Results of 
the wear tests were evaluated according to the volume of the material loss measured 
by a profilometer (Veeco™ Dektak 6 M Stylus Profiler) and test arithmetic mean of 
three different measurements for each sample were obtained. The wear testing 
instrument and profilometer are given in Figure 3.11 (a) and (b) respectively.  
 
Figure 3.11: (a) TribotechnicTM sliding wear test instrument, (b) Veeco™ Dektak 6  
                     M Stylus Profiler. 
3.3 Liquid-Route Processing   
3.3.1 Flux-assisted casting technique 
Al ingot (99.8 % purity, supplied from Etibank Co., Eskişehir, Turkey), copper wire 
(99.5 % purity, supplied from Sarkuysan Co., Istanbul, Turkey) and carbide 
particulates (8 µm and 157 µm ZrC; 13 µm and 93 µm TiC) were used as starting 
materials. The physical properties and their purities are given as Table 3.1. 
Fabrication of the Al4Cu alloy comprising 10 wt.% of TiC and ZrC particles was 
conducted using a K-Al-F flux casting composite fabrication process [23, 189]. In 
addition, Al-4wt.% Cu-xTiC (x=5, 10, 15 and 20 vol.%) composites were fabricated 
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using the same casting method. TiC powders having 99.5% purity with an average 
particle size of 2.9 µm were supplied from Alfa AesarTM. The flowchart for 
fabrication and characterization of  the composites containing different vol.%TiC is 
presented in Figure 3.12. In the casting process, as a wetting agent, a K-Al-F-based 
flux (commercially available from London and Scandinavian Metallurgical Co. 
Limited, product # 14484-69-6) was used. The chemical composition of the K-Al-F-
based flux determined by using RigakuTM ZSX Primus II X-ray fluorescence is given 
in Table 3.2. This flux comprises a mixture of KAlF4 and K3AlF6 corresponding to 
the 45 mol% AlF3 eutectic composition in the KF-AlF3 system [23]. Charges of 
Al4Cu alloy were heated in a lab-scale electric induction furnace (Figure 3.13a) to 
800 oC in graphite crucibles. During casting process, the temperature was controlled 
using a K-type thermocouple. After blending K-Al-F-based flux and reinforcement 
particles using a ratio of 1:2 in a turbula mixer for 3 minutes, the resultant powder 
mixture was gently placed on the surface of the Al4Cu melt alloy. The carbide-flux 
mixture was preheated to 300 oC and this mixture was added to melt at 800 oC. The 
powder mixture was kept on that melt surface for two minutes without any stirring. 
After removing the liquid slag from the melt surface using a graphite spoon, Al4Cu 
alloy melts containing carbide particles was stirred briefly using a graphite rod. After 
this, the composite melt was cast into a cast iron mould, Fig. 3.13b. For each trial, 
approximately, 500 g of the composite and Al4Cu alloy ingots were fabricated. 
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Figure 3.12: Flowchart for fabrication of Al-4 wt.%Cu composites containing  
            different vol%. of TiC particles as reinforcement. 
Table 3.2 : Chemical composition of K-Al-F flux. 
Components (wt. %) K-Al-F flux 
Al 
K 
F 
Others (Ti, Si, Na, Mg, Fe, Zr, Cl, Ca) 
  14.58 
  32.14 
  43.84 
   9.44 
 
 
Figure 3.13: (a) electric furnace, (b) a mold for casting and composite ingots.  
Compositions: Al-4wt.%Cu-xTiC 
(x= 5,10,15,and 20 vol.%)
(TiC, 2.9 µm)
Flux-assisted casting 
(800 oC)
Characterizations
(hardness, density, XRD, SEM, 
grain size measurements)
Wear test (3N, 10mm/s)
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3.3.1.1 Characterization of cast samples 
After casting, the chemical analysis of the both the Al4Cu alloy and the composite 
ingots reinforced with ZrC and TiC were performed. Samples were dissolved in  HCl 
and HNO3 acids by PE A Analyst 800
TM atomic absorption  instrument to determine 
the copper content of the ingots. The resulting copper weight percentage of casting 
ingots varied between 3.9 to 4.3. Table 3.3 gives the copper content of the  cast 
ingots.  
Table 3.3 : Copper content results of casting Al4Cu alloy and its composites. 
Compositions Cu (wt. %) 
Al4Cu 3.9 
Al4Cu/ZrC-157 4.29 
Al4Cu/ZrC-8 3.88 
Al4Cu/TiC-93 3.86 
Al4Cu/TiC-13 4.05 
 
3.3.1.2 Microstuctural analysis (SEM) 
The reinforcement distribution of resultant microstructures, and interfacial bonding 
between the matrix and reinforcements in casting samples was investigated using a 
field emission scanning electron microscope (FESEM) JEOLTM JSM 7000F (Figure 
3.14) located at I.T.U. biomaterials laboratory.  
 
Figure 3.14: Jeol™-JSM-7000F model FEG–SEM instrument.  
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The surface of cast samples was prepared for SEM evaluation using the standard 
metallographic techniques. These samples were etched with HF solution (200 parts 
distilled water, 1 part HF) for 30 seconds.   
3.3.1.3 XRD analysis 
XRD analysis was carried out using a BrukerTM 8D advance instrument with a 
standard CuKα radiation source employing a step size of 0.02
o in 2θ in the range of 
10o-90o. The XRD instrument used for casting experiments is shown in Figure 3.4.  
3.3.1.4 Hardness measurements 
Vickers microhardness measurements were conducted on the polished samples using 
a Schimadzu™ microhardness tester at a load of 200 g for a dwell time of 15 
seconds. Microhardness test result for each sample is the arithmetic mean of 15 
successive indentations and standard deviations. Hardness tester as mentioned above 
and it was given in Figure 3.6.    
3.3.1.5 Grain size measurements 
Grain size of samples were measured based on ASTM-E112 using polarized light in 
an optical microscope [52]. For this purpose, cast samples were polished using 
diamond suspensions (up to 1µm) and then anodized in a diluted solution of HBF4 
acid (3%) in distilled water. 
3.3.1.6 Determination of carbide contents 
The carbon contents of MA powders, sintered and cast samples were measured using 
EltraTM CS800 Carbon/Sulphur determinator. Samples were weighed directly into 
ceramic crucibles. Combustion was achieved in a stream of oxygen. Detection was 
done using an IR-cell. The total TiC and ZrC contents were calculated based on the 
mass fraction of carbon in those composites.  
3.3.2 Melting and atomization  
The starting materials used in the atomization process are Al-4wt.%Cu cast alloy and 
its composites reinforced with 10 wt.% ZrC and TiC particles. The experiments for 
fabrication cast samples were mentioned in Section 3.3.1. The ingots of Al-4wt.%Cu  
alloy and 10 wt.% ZrC and TiC reinforced composites were remelted for atomization 
using impulse atomization (IA) process [63] developed at Advanced Material and 
Processing Laboratory, Alberta University, Canada. Before the atomization the cast 
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ingots were cut into chunks, cleaned ultrasonicly with water, rinsed with alcohol and 
air dried. The detailed IA system mentioned in the section 2.3.2 and the atomization 
tower and impulse unit located at University of Alberta, Advanced Materials 
Processing laboratory (APML) are illustrated in Figure 3.15. In this process, 300 
grams of Al-4wt. %Cu base alloy and its composites were superheated to 700 oC into 
graphite crucible containing nozzle plate with 37 orifices. The Al4Cu/ZrC-8 
composite ingots were atomized using two different impulse temperatures (i.e., both 
700oC and 840 oC). The melt temperature was measured using a K-type 
thermocouple immersed in the melt crucible. Six atomization experiments were 
conducted in this study and the detailed atomization parameters for each composition 
(Table 7.1 in chapter 7). Prior to melting, the atomization chamber was evacuated 
with a roughing pump until a nominal vacuum pressure (-15 mmHg pressure) was 
obtained. The chamber was then backfilled to atmospheric pressure with helium and 
then evacuated again until a very low oxygen content was left in the chamber. Prior 
to melting, the gas atmosphere in the atomizer was kept to less than 20 ppm oxygen 
and the atomization tower was operated with a small atmospheric overpressure of 
helium. The low frequency impulses were applied using an alumina plunger to push 
the molten metal through the nozzle orifices and this generates a discontinuous 
stream of molten slurry exiting the bottom of the crucible. The inductively stirred 
melt was kept at the temperatures given in Table 7.1 for 5 min to prevent the carbide 
particle segregation because of the differences in density between aluminium-copper 
matrix (2.77 g/cm3) and both ZrC carbide (6.5 g/cm3) and TiC (4.93 g/cm3) particles 
[190]. The melt temperature was monitored using a K-type thermocouple inserted in 
the hollow stopper ceramic rod into the melt crucible. The atomized powders were 
collected in an oil bath after falling 1m in free fall through a stagnant gas 
atmosphere. This bath is kept on a load cell, which is connected to a computer. This 
instrumentation captures the powder mass produced. More thorough discussion of 
the experimental details for the impulse atomization and process parameters is 
available elsewhere [191].  
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Figure 3.15: Schematic representation of Impulse atomization (IA) tower.  
3.3.2.1 Sieve analysis  
Sieving methods are used to obtain particular powder distributions or to obtain 
narrow size ranges of a powder [186]. Sieving is a particularly useful procedure 
because particles are sorted into categories solely on the basis of size, independently 
of other properties (density, surface, etc.). It can be used to classify dry or wet 
powders and generates narrowly classified fractions. With micromesh sieves, near-
monodisperse powders can be generated in the range of 1 to 10 µm. Sieves are often 
referred to by their mesh size, which is the number of wires per linear inch. 
American Society for Testing Materials (ASTM) standards range from 635 mesh (20 
µm) to 5 mesh (125 mm). The apertures for the 400 mesh are 37.5 µm; hence, the 
wire thickness is 26 µm and the percentage open area is 35 [192]. 
In the present work, the size distribution of the IA powders was determined by 
conventional mechanical sieving techniques. Following the atomization run, the 
cleaned and dried powders were sieved according to MPIF standards [193], except 
that the entire powder yield was sieved rather than just a representative fraction of 
the total. The sieving results were analyzed using log-normal analysis to yield a mass 
median size (d50) and a geometric standard deviation (GSD, d84/d50) [194]. Typical 
standard deviations for impulse atomizer are between 1.1 and 1.6 [61].  
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3.3.2.2 Sample preparation  
The sieved powder particles in the mean size range were cold mounted and polished 
according to standard metallographic techniques. The cold mounting was carried out 
for these powders in plastic molds. Epoxy resin (West systems 105A) and hardener  
(West Systems 205 A) were mixed in a ratio of 2:1 and stirred into a paper cup 
slowly to minimise the gas bubbles. This mixture was poured into the plastic mold 
containing the powder of interest. The mounted samples were ground using 600, 800, 
1200 grit SiC paper on a manual polisher. After grinding, the samples were polished 
manually using 0.5 µm Al2O3 slurry using soft cloth. The microstructure of cold 
mounted and polished IA powders was revealed by etching in a HF solution (200 ml 
distilled water, 1 ml HF) for 30s.  
3.3.2.3 Microstructural analysis of atomized powders  
The etched powders were examined using a Hitachi S-2700TM model scanning 
electron microscope (SEM) operated at 20 kV and equipped with an energy 
dispersive spectrometer (EDS) in order to quantify the phases and crystal structure 
(Figure 3.3b). The cell spacing measurements were performed on the composite 
samples of 2D SEM images. Cell spacing was counted manually from at least four 
lines of known length (l) on each micrograph using the random line intercept method 
[194]. In total, four lines were manually drawn for four different droplets in mean 
size range.  
3.3.2.4 Cell spacing measurements 
To calculate the cell spacing, two programs were used; one to modify the brightness 
and contrast and the other one to measure a distance. AdobeTM PhotoshopTM was 
utilized to alter the brightness and contrast of the micrographs. Each micrograph was 
altered by converting to greyscale, then decreasing the brightness by -20 and 
increasing the contrast by +20, the filter despeckle was then applied in order to 
smooth out the image. All of the micrographs were altered the same way for 
consistency. The aim of the image manipulations is to obtain a better contrast 
between the eutectic region and the matrix. 
The software “imageJ” (Image J 1.37v, developed by the National Institute of Health, 
US) was used to calculate the cell spacing [195]. The distances were first calibrated 
using the scale bar located on each of the micrographs. Four lines were drawn on 
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each micrograph, a horizontal, vertical, and two perpendicular diagonal lines. Then, 
the number c of cell intercepts was counted manually for a line of known length l. 
Most of the cell spacings were therefore calculated using 50 lines to get a relatively 
accurate value. Figure 3.16 gives an example of use of this method. The cell spacing 
λ  is given by the following equation (3.1) [49]: 
 
c
l
=λ                             (3.1) 
where λ  is a cell spacing, µm, l is a known line length, µm,c is a number of cell 
intercepts. 
 
 
Figure 3.16: Example of a cell spacing calculation. 
 
A manual count of the intercepts was used to obtain the cell spacing (distance 
obtained with the software divided by the number of intercepts per line).  
 
3.3.2.5 XRD analysis 
Samples of IA powders were analyzed with RigakuTM Rotating anode XRD system 
using copper Kα radiation and a scan rate of 0.65
o/sec over the range of 0 to 90 
degrees 2θ. The phases in powders were identified using Joint Committee for 
diffraction standard (JCPDS) cards (Table 3.4) and the characteristic peaks were 
labeled accordingly. The XRD instrument used in the XRD analysis of IA powders is 
given in Figure 3.17. 
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Figure 3.17 : RigakuTM XRD instrument with detectors system.  
Table 3.4: JCPDS cards used for identification in atomized powders. 
Phase PDF card # 
Al 04–0787 
Al2Cu 71-5027 
ZrC 35–0784 
TiC 65-8416 
Al3Zr 48-1385 
 
3.3.2.6 Density measurement and carbide content determination 
Similar with MA powders, sintered and cast samples, the carbon content of atomized 
powders were measured using EltraTM CS800 Carbon/Sulphur determinator. The 
total carbide content was calculated based on the mass fractions of carbon in ZrC and 
TiC.  
The pycnometric density is determined by measuring the volume occupied by a 
known mass of powder that is equivalent to the volume of gas displaced by the 
powder using a gas displacement pycnometer [154]. In pycnometric density 
measurements, the volume determined includes the volume occupied by open pores  
[154]. This density equals the true density unless the material contains impenetrable 
voids, or sealed pores, that are inaccessible to the gas used in pycnometer. Due to the 
high diffusivity of helium, which is the preferred choice of gas, most open pores are 
accessible to the gas. Therefore, the pycnometric density of a finely milled powder is 
generally not very different from the crystal density [154]. 
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In the present work, density values of mean sized atomized powders were measured 
in a QuantachromeTM Multipycnometer (Fig. 3.18) which was operated by using ultra 
high purity He gas. The density results were analyzed using ten runs for each sample 
to yield an average density and standard deviation.  
 
Figure 3.18: QuantachromeTM Multipycnometer used for density measurements.  
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4. CHARACTERIZATION OF MECHANICALLY ALLOYED POWDERS 
In the previous chapter, experimental studies of the dissertation work were explained. 
In this chapter results of the above experiments are described to establish the 
optimum MA conditions. Firstly, the SEM morphologies and the XRD analysis of 
as-received powders are mentioned. Secondly, the microstucture of Al4Cu alloy and 
its composite powders during mechanical alloying were evaluated and the effect of 
TiC and ZrC particles on the Al4Cu alloy were examined in terms of hardness, XRD 
analysis and SEM evaluation. In addition, optimum time for milling of both 
unreinforced and reinforced alloy were determined for sintering. For this purpose, 
microstuctural and physical characterization of alloyed composites were carried out.     
4.1 SEM Examinations and XRD Analysis   
4.1.1 As-received powders 
The morphologies of  Al, Cu, ZrC and TiC powders was examined by scanning 
electron microscopy (SEM) and they shown in Fig. 4.1. Fig. 4.1a and 4.1b are 
belonging to SEM microstructures of atomized Al and and Cu powders.  Fine ZrC 
powders (Fig. 4.1 c) consist of clusters of small spherical particles. It can be noted 
that mean size value of 8 µm (Table 4.1) is the aggregate size of these powders. In 
fact, the average size of individual particles is around 2 µm. Fine TiC powders 
(Fig.4.1e) have a more uniform, crystalline morphology with narrow size distribution 
of 13 µm. The coarse ZrC particles in Fig. 4.1d contain the particles having two 
different morphologies. About seventy percentage of particles have a monolithic 
structure and the rest of them have irregular morhology and their surfaces contain 
tiny carbide particles. Similarly, the morphology of the coarse TiC powder (Fig. 4.1f) 
is irregular, the particle size is variable and the powder surface is irregular. 
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Figure 4.1: SEM micrographs of as-received powders: (a) Al (-325 mesh), (b) Cu  
                   (-325 mesh), (c) ZrC (-325 mesh), (d) ZrC (-100 mesh), (e) TiC (-325  
                   mesh), and (f) TiC (-325+100 mesh).   
The X-ray diffraction analysis (XRD) of as-received powders are given in Fig. 4.2. 
The XRD traces of the as-received powders show diffraction peaks from pure 
crystalline elements (Al, Cu, ZrC and TiC) in Fig. 4.2. XRD peaks show that all of 
the powders have the same crystalline Bravais lattice (FCC).     
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Figure 4.2: X-ray diffraction (XRD) scans of as-received powders : (a) Al (-325 
                   mesh), (b) Cu (-325 mesh), (c) ZrC (-325 mesh), (d) ZrC (-100 mesh),  
                  (e) TiC (-325 mesh), and (f) TiC (-325+100 mesh). 
4.1.2 MA powders 
XRD analysis has been often used to gain a semiquantitative understanding of the 
degree of MA or dissolution of a solute element in aluminium based largely on 
changes in the relative intensities of the strongest diffraction lines from the solute 
element and aluminium [195]. Figure 4.3 shows the XRD diffraction patterns of 
Al4Cu alloy and Al4Cu/ZrC-8 and Al4Cu/TiC-13 composite powders MA’d for 90 
min, 120 min, 150 min, 180 min and 210 min. 
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(a) 
 
 
(b) 
Figure 4.3: XRD patterns of (a) Al4Cu, (b) Al4Cu/ZrC-8 and, (c) 
                 Al4Cu/TiC-13 powders MA’d for: 90, 120, 150, 180 and 210 min.  
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(c) 
 
Figure 4.3: (contd.) XRD patterns of (a) Al4Cu, (b) Al4Cu/ZrC-8 and, (c) 
                 Al4Cu/TiC-13 powders MA’d for: 90, 120, 150, 180 and 210 min.  
As expected peaks belonging to Al (Bravais lattice; fcc, Space group: Fm3m and   
0.405nm) exist in all powder samples [197]. Increasing milling time to 210 min 
resulted in the broadening of sharp crystalline Al peaks and their intensities 
decreased slightly due to the refinement of Al grain size as well as the accumulation 
of internal strain. From figure 4.3, the broadening of Cu diffraction peaks (Bravais 
lattice; fcc, Space group: Fm3m,  0.362 nm) [198] with increasing milling time 
may be clearly discerned in all XRD patterns of alloyed powders. This is due to 
copper diffusion into the aluminum matrix induced by the MA process. As explained 
by Fogagnolo et al. [144], the solid solubility limit of Cu in Al is extended because 
of MA process leading to the formation of a supersaturated solid solution of Cu in 
Al. 
It can be noticed from the XRD pattern of Al4Cu that the line broadening of Cu 
elements is larger than observed in XRD patterns of Al4Cu/ZrC-8 and Al4Cu/TiC-13 
samples since the presence of hard reinforcement particles (TiC and ZrC) retards the 
kinetics of mechanical alloying [6]. Bhaduri et. al [184] reported that the 
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disappearing of Cu solute peaks was observed in 7010 Al-SiC composite powders 
after 21 h of milling whereas it takes comparatively shorter times (11 h) for the 7010 
Al alloy. In addition to Al and Cu phases, the reflections arising from ZrC (fcc 
Bravais lattice, Fm3m space group, a= 0.4693 nm) [199] can be identified in the 
Al4Cu/ZrC-8 and TiC (fcc Bravais lattice, Fm3m space group, a = 0.43274 nm) 
[200] in the Al4Cu/TiC-13 samples composite powders, indicating that no reaction 
took place to form any intermetallic phases (Al2Cu, Al3Zr, Al4C3) during MA 
process.  
Figure 4.4a through 4.4d show the morphological changes in Al4Cu/ZrC-8 
composite powders alloyed with various mechanical alloying time: 90 min, 120 min, 
150 min, 180 min and 210 min. 
 
 
 
  
 
 
 
 
 
 
 
 
 
97
 
Figure 4.4: SEM images of Al4Cu/ZrC-8 MA powders for: (a) 90 min, (b) 120 
                  min, (c) 150 min, (d) 180 min, and (e) 210 min. 
 
Preliminary SEM characterization examination on composite powders indicate that 
Al4Cu/ZrC-157, Al4Cu/TiC-13 and Al4Cu/TiC-93 composite samples have almost 
similar morphological features with Al4Cu/ZrC-8 composite powders, in Fig. 4.4. 
Thus, the SEM images of the Al4Cu/ZrC-8 composite powders reveals some 
knowledge about morphological changes that occur during mechanical alloying. Fig. 
4.4a clearly shows that the powders have flattened in the early stages of mechanical 
alloying due to the plastic deformation in powders. After 120 and 150 min of MA, 
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cold welding phenomena dominated since the lamellar structure still existed, and 
therefore homogeneous composite structure was to be expected at this stage. At these 
stages (Fig. 4.4 b and c), particles have large size distibution ranging between 5.3 µm  
and 31 µm and the morphology consisting of agglomerations of several small 
spherical particles. Much smaller and more uniform particle size (average 8.05 ± 
1.34 µm) were observed after 180 min of mechanical alloying time (Figure 4. 4d). 
Although after 180 min of MA time more equaxied particles were obtained, carbide 
particles in matrix structures are discernable from the morphological features of 
composite powders. Therefore, SEM microstructure of the cross-section of 
composite powders was investigated in Fig. 4.5 to observe the distribution of carbide 
particles after 180 min of MA time. Figure 4.5a shows the typical microstructural 
features of ductile-ductile materials for Al4Cu alloy powders after a 180 min of 
milling time. The fine distributed Cu flakes having thickness of about 0.77 µm, could 
be seen in Al4Cu powder microstructure. Figure 4.5 (b) and (c) are for  Al4Cu/ZrC-8 
and Al4Cu/TiC-13 composite powders, respectively. After MA for 180 min, ZrC 
particles vary in sizes between 1.3 and 8.5 µm in Fig. 4.5 (b) and TiC particle sizes 
vary between 0.9 and 5.12 µm in Fig. 4.5 (c). The cross-sectional microstructures of 
Al4Cu/ZrC-157 and Al4Cu/TiC-93 composite powders were also given in Fig. 4.5 
(d) and (e), respectively. From each BSE image in Fig. 4.5, carbide particles 
(indicated by arrows) having ZrC and TiC particles are homogeneously distributed in 
equaxied matrix powders indicating that powders particles are composite in nature 
after MA’d for 180 min. It was reported that [201] the carbide particle size should be 
in narrow size range to avoid the possibility of particle fracture of large particles and 
also to avoid the possibility of clustering of small particles, after sintering. Besides, 
Cu phase indicated by arrows in Fig. 4.5 (c) and (d) have almost the same size with 
observed in Al4Cu matrix powders (Fig. 4.5a). Figure 4.5 (f) and (g) also show the 
EDS spectra from overall microstructures of Al4Cu/ZrC-157 and Al4Cu/TiC-93 
composite samples, respectively. A trace amount of Fe was detected by EDS analysis 
in some of the particles after 180 min of milling and these are labeled as A in Fig 4.5 
b, c and e, although no distinct phase was observed in XRD analysis (Figure 4.3). 
The source of Fe inclusions in some of the powder particles appeared to be results of 
collisions of ball to ball and/or ball to vial during MA.   
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Figure 4.5: SEM micrographs of powders MA’d for 180 min: (a) Al4Cu, 
                  (b) Al4Cu/ZrC-8, (c) Al4Cu/TiC-13, (d) Al4Cu/ZrC-157,  
                   (e) Al4Cu/TiC-93, and corresponding EDS spectra from overall powders 
                  of (f) Al4Cu/ZrC-157and, (g) Al4Cu/TiC-93.  
Surface area and average particle size (D50) results of Al4Cu and its composite 
powders after MA’d for 180 min are summarized in Table 4.1. As can be clearly seen 
from Table 4.1., the specific surface areas of powder mixtures of Al4Cu/TiC-13 and 
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Al4Cu/ZrC-8 containing small initial carbide particle size are 2.58 m2/g and 2.24 
m2/g, whereas powder mixtures of Al4Cu/TiC-93 and Al4Cu/ZrC-157 containing 
coarse initial particles have slightly higher surface area results, 3.21 m2/g and 3.71 
m2/g, respectively. Consequently, after MA for 180 min surface area results of 
composite powders were similar, even though the starting reinforcement particles 
had different average particle sizes. Furthermore, addition of carbide particles 
decreases the mean particle size of powders which leads to an increase of the surface 
area of Al4Cu powders, as summarized in Table 4.1.  
Table 4.1: Surface area and mean particle size results of powders MA’d for 180  
                  min (D90 and D10 are the particle size at 90 and 10 pct of the cumulative 
                  size distribution curve, respectively). 
Compositions Mean particle size, 
D50 (µm) 
D90-D10 
(µm) 
Surface area 
(m2/g) 
Al4Cu 80.07 157.07 1.29 
Al4Cu/ZrC-8 9.68 17.33 2.24 
Al4Cu/ZrC-157 13.80 32.68 3.71 
Al4Cu/TiC-13 13.27 39.46 2.58 
Al4Cu/TiC-93 11.98 55.37 3.21 
 
Table 4.2 shows the experimental carbon analysis results obtained from the hot 
combustion of MA powders using EltraTM CS 800 Carbon Sulphur determinator. The 
actual volume fraction of carbide particles in MA powders were calculated from the 
mass fraction of carbides using the experimental carbon content. As given in Table 
4.2., actual vol. % of carbides in 180 min of MA powders vary between 9.7 to 10.9, 
which are higher than the nominal vol.% of carbides. This indicates that powder 
samples contain high amount of carbides due to the inhomogeneous distribution of 
carbide particles in the powder samples.      
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Table 4.2: Actual and nominal volume percentage of carbides in alloyed powders 
                  after 180 min of MA time.  
Compositions MA 
time 
Measured 
wt.% of C 
Nominal 
%wt. of 
carbide 
Nominal % 
vol. of 
carbide 
*Actual % 
vol. of 
carbide 
Al4Cu/ZrC-8 180 2.61 10 4.4 10.6 
Al4Cu/ZrC-157 180 2.40 10 4.4 9.7 
Al4Cu/TiC-13 180 3.39 10 5.9 10.3 
Al4Cu/TiC-93 180 3.59 10 5.9 10.9 
*calculated from carbon analysis result.  
Mechanical alloying promotes structural refinement, high dislocation density, and 
oxide and carbide dispersion, which should result in a great increase of the matrix 
hardness [144]. In addition to this, reinforcement phase contributes to increase in 
powder hardness values. In the present work, hardness behavior of the powders was 
evaluated to determine the optimum time for mechanical alloying. Fig. 4.6 shows the 
changes in the hardness of Al4Cu, Al4Cu/ZrC-8 and Al4Cu/ZrC-157 powders as a 
function of MA time in the range between 90 and 210 min. An increase in the 
hardness of composite powders for times up to 120 min is due to the fragmentation 
of ZrC particles and the cold deformation of matrix powders. When the MA time 
increases from 120 min to 180 min, the powders exhibit a smaller but still increasing 
trend in hardness. After 180 min of MA time, it can be seen that the hardness value 
of Al4Cu/ZrC-8 powders reaches a saturation condition indicating an equilibrium 
between welding and fracture processes has been achieved [6, 146]. This conforms 
with the SEM micrograph shown in Fig. 4.5 which reveal uniform and fine 
distribution of carbide particles within equaixed microstructure of Al4Cu matrix after 
MA for 180 min. However, Al4Cu/ZrC-157 and Al4Cu powders still exhibit a slight 
increase in their hardness values with further milling (210 min) and the hardness of 
the Al4Cu powder approaches the hardness of the Al4Cu/ZrC-157 composite. During 
MA process, the milling energy required for  fragmentation of large carbide particles 
(157 µm) is comparatively greater than that of the small carbide particles (8 µm) 
[184], therefore the saturation value of Al4Cu/ZrC-8 powders is attained in a short 
time (180 min) compared to the Al4Cu/ZrC-157. Such behavior also observed in the 
hardness versus MA time plots of Al4Cu/TiC-13 and Al4Cu/TiC-93 composite 
powders, Fig. 4.7. Note a noticable increase in hardness up to 150 min of MA time 
for Al4Cu/TiC-13 composite powders due to the deformation of work hardening of 
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aluminium matrix with the fragmentation of TiC particles. Similarly the hardness 
curve of Al4Cu/ZrC-8 composite powders, the small TiC (13 µm) containing Al4Cu 
powders, reaches a saturation value in earlier MA time than that of Al4Cu/TiC-93 
composite samples. The reason for increase in hardness of Al4Cu/TiC-93 composite 
powders after 180 min of MA time is due to the progressive fragmentation of TiC 
particles which leads to substantial increase in hardness of powders. Examples of the 
powder hardness increases with reinforcements (TiC, VC) during mechanical 
alloying with AA2014 powders have also been reported by Ruiz-Navas et. al. [13] 
with 5 vol.% reinforcements. In the present work, after MA for 180 min, the 
saturation is almost achieved for the composite powders (Fig. 4.6. and 4.7), 
therefore, 180 min is considered as an optimum time for mechanical alloying and the 
powders MA’d for 180 min are used for sintering. In this work, optimum MA time 
(180 min) was determined from a series of experiments based on the evaluation of 
hardness of powders and SEM studies. 
 
Figure 4.6: Hardness of Al4Cu, Al4Cu/ZrC-157 and Al4Cu/ZrC-8 powders as a 
                    function of the MA time.  
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Figure 4.7: Hardness of Al4Cu, Al4Cu/TiC-13 andAl4Cu/TiC-93 composite 
                    powders as a function of the MA time.  
In the following chapter, characterization studies of sintered Al4Cu/TiC and 
Al4Cu/ZrC composites have been evaluated. These sintered samples were obtained 
from the 180 min of alloyed powders.   
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5. CHARACTERIZATION AND WEAR PROPERTIES OF HOT PRESSED                           
SAMPLES 
In this part of the thesis, a metal-matrix composite composed of Al-4wt. % Cu and 
10 wt.% of particulates of ZrC with average initial particle sizes of 8 µm and 157 µm 
and TiC with average initial size of 13 µm and 93 µm were fabricated using 
mechanical alloying and vacuum hot pressing techniques. Powder batches were 
mechanically alloyed (MA) for 90, 120, 150, 180 and 210 min. Steady-state alloying 
conditions were obtained after MA for 180 min. These powders were consolidated by 
vacuum hot pressing under 70 MPa at 550 oC for 1h. The microstructural analysis of 
composites and unreinforced alloy were examined by SEM, TEM and XRD analyses. 
On the basis of these analyses, a rod-shaped Al7Cu2Fe intermetallic phase was 
observed in the sintered samples as a result of iron (Fe) contamination due to 
reaction of the Al-Cu matrix with Fe from balls and/or vials during MA process. The 
ZrC particle sizes in consolidated samples varied between 0.3 and 1.5 µm and 
between 1.5 and 6 µm for the MMC containing 8 and 157 µm ZrC powders, 
respectively. The corresponding particle sizes of the TiC ranged from 0.6 µm to 3.5 
µm and between 0.8 µm and 5.6 µm for the composites containing initial 13 and 93 
µm TiC powders, respectively. The hardness and the density measurements of 
composites were also investigated. The SEM analysis of composite samples 
confirmed that the density of specimen prepared from finer starting TiC and ZrC 
particles were hot pressed to higher relative density than materials prepared from 
coarser particles.  
In addition, sliding wear properties of both TiC (in average size of 13 µm and 93 
µm) and ZrC (in average size of 8 µm and 157 µm) particle reinforced Al-4wt. %Cu 
composites were investigated under a load of 3 N at normal atmospheric conditions 
(25 oC and 50 % relative humidity) with a sliding velocity of 10 mms-1. The detailed 
experimental procedure for wear testing was given in Section 3. The morphological 
characterizations of worn surfaces were carried out with SEM in order to determine 
the dominant wear mechanism. SEM investigations on the worn surfaces of 
composites revealed that composite samples comprising the smaller ZrC(0.3-1.5µm) 
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and TiC particles (0.6-3.5µm) having higher hardness exhibit lower wear resistance 
compared to those reinforced with coarser TiC and ZrC particles. The larger 
reinforcement particles (1.5 to 6 µm for ZrC and 0.8 to 5.6 µm for TiC) remained 
intact on the worn surface and continuously protected the composite against the steel 
ball counterface. More details on these findings will be presented in this chapter.    
5.1 XRD Analysis 
The XRD patterns of the sintered Al4Cu alloy, Al4Cu/ZrC-8 and Al4Cu/ZrC-157 
composite samples are given in Figures 5.1 (a), (b) and (c), respectively. Fig. 5.1 (c) 
is the XRD pattern of the Al4Cu alloy sample exhibiting strong diffraction peaks 
belonging to the Al (fcc Bravais lattice, Fm3m space group, a = 0.40494 nm) [197] , 
Al2Cu phase (body centered tetragonal Bravais lattice, I4 space group, a = 0.5070 nm 
and c = 0.4890 nm) [202] and reflections arising from the Al7Cu2Fe phase (simple 
tetragonal Bravais lattice, P4/mnc space group with lattice parameters a = 0.6336 nm 
and c = 1.487 nm) [203]. As identified by XRD analysis, the diffractions of Cu peaks 
which existed in MA powders (Fig. 4.3) disappear and Cu peaks are replaced by 
Al2Cu indicating complete dissolution of copper in the matrix after sintering at 
550oC. The Al4Cu/ZrC-8 and Al4Cu/ZrC-157 composite samples consisted of 
diffraction peaks belonging to Al [197], Al2Cu [202], and ZrC phases [199]. 
Similarly, in addition to the Al matrix and the Al2Cu phase, TiC phase (fcc Bravais 
lattice, Fm3m space group, a = 0.43304 nm) [200] reflections were identified from 
the XRD spectra of the Al4Cu/TiC-13 and Al4Cu/TiC-93 composite samples (Fig. 
5.2). Although iron impurities were not identified by X-ray diffraction analysis of 
MA  powders (see Figure 4.3), after sintering, peaks belonging to the Al7Cu2Fe 
phase are present in the XRD patterns of all sintered samples (Fig. 5.1 and 5.2). This 
observation suggests that the steel balls and vial utilized as the milling media during 
MA process wear out. The absence of iron peaks in the X-ray diffraction pattern of 
milled powders (Fig. 4.3) is presumably due to low volume fraction (< 2 vol. %) of 
iron dissolved in the matrix during the MA process. Using atomic absorption 
spectrometer (AAS), the iron (Fe) contents in the powder composite samples MA’d 
for 180 min were measured as 0.077 wt% in the Al4Cu, 1.07 wt% in the Al4Cu/ZrC-
8 and 1.19 wt% in the Al4Cu/ZrC-157, 1.51 wt.% in the Al4Cu/TiC-13 and 1.73 
wt.% in the Al4Cu/TiC-93 powders. These values are less than the detection limit of 
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the XRD instrument (~ 2 vol.%) indicating the fact that Fe contamination in the 
Al4Cu matrix and Al4Cu based composite powders can not be identified by XRD. 
The appropriate temperature, time and applied stress during hot pressing provided a 
driving force for the precipitation of Al7Cu2Fe phase which is likely due to the 
supersaturation of Fe in the aluminium copper matrix during mechanical alloying. 
 
Figure 5.1: XRD patterns of the sintered (a) Al4Cu/ZrC-157, (b) Al4Cu/ZrC-8 
                   composites and (c) Al4Cu matrix alloy.   
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Figure 5.2: XRD patterns of the sintered (a) Al4Cu/TiC-93, (b) Al4Cu/TiC-13  
                   composites.   
The higher iron contamination, 1.07 wt.% and 1.73 wt.% observed in the Al4Cu/ZrC 
composite powders compared to the lower in Al4Cu powder indicated that the 
presence of hard ZrC particles contributed to iron contamination during milling 
process. Recent studies have shown that iron contamination during MA process led 
to the formation of iron containing phases such as CuFe2O4, (Fe, Cr)3C in Cu-ZrC 
composites [45] and the Al7Cu2Fe phase in an AA7075 alloy [16, 204] after 
sintering. Furthermore, these levels of iron will yield relatively similar levels of 
precipitates in all samples. Thus, differences in mechanical properties and wear will 
be primarily attributed to the differences in ZrC and TiC reinforcement in the 
samples.  
5.2 SEM Analysis 
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
investigations were conducted to reveal the morphological features in the sintered 
samples. Figure 5.3 shows the SEM microstructure and corresponding EDS spectra 
taken from the sintered Al4Cu alloy. As seen in Fig. 5.3a, the microstructure of the 
Al4Cu alloy comprise two kinds of intermetallic phases, one having flower-like 
(marked as F) and the other rod-like (marked as R) particles. On the basis of EDS 
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analyses, flower-like particles and rod-like particles are suggested to be Al2Cu (Fig. 
5.3b) and Al7Cu2Fe phases (Fig. 5.3c), respectively. Besides, small porosities 
(marked as P) are also observed in the microstructure of the Al4Cu alloy (Fig. 5.3a). 
 
Figure 5.3: (a) SEM micrograph of the sintered Al4Cu alloy, (b) and (c) 
                    corresponding EDS spectra taken from particles marked as F and R on 
                    the SEM micrograph, respectively (P denotes the porosity). 
In the microstructures of the Al4Cu/ZrC-8 and Al4Cu/ZrC-157 composites, ZrC 
particles (light appearing phases) are reasonably homogenously distributed in the 
Al4Cu matrix, as seen in Fig. 5.4a and 5.4b. The EDS analysis (Fig. 5.4c) taken from 
the light regions (marked as C) in Fig. 5.4b confirms that the particles consist of the 
ZrC phase. It should be noted that the size of the carbides are remarkably smaller 
than their initial average size. The sizes of ZrC particles are range between 0.3 and 
1.5 µm for the Al4Cu/ZrC-8 composite and between 1.5 µm and 6 µm for the 
Al4Cu/ZrC-157 composite. Although the distribution of the ZrC particles is 
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generally uniform, clustering of fine ZrC particles (indicated as a circle in Fig. 5.4a) 
in some local areas of the matrix are observed in the Al4Cu/ZrC-8 composite sample.  
 
Figure 5.4: SEM micrograph of the sintered (a) Al4Cu/ZrC-8 and (b) Al4Cu/ZrC- 
                    157 composites, (c) corresponding EDS spectrum taken from particles  
                    marked as C in Fig. 5.4b (The circled region shows the clustering of ZrC  
                    particles).  
The SEM images depicting the microstructure of the sintered Al4Cu/TiC-13 and 
Al4Cu/TiC-93 samples are shown in Fig. 5.5. On the basis of SEM studies 
accompanied with EDS analyses (Fig. 5.5 c and d), it can be inferred that TiC 
particles (light particles, marked as C) and fine rod-like Al7Cu2Fe intermetallics 
(marked as R) dispersed in Al matrix. Although the Al2Cu phase is present on the 
basis of XRD analysis results, this phase is discernable from the complex 
microstructures of the composites.  
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Figure 5.5: SEM micrographs of the sintered (a) Al4Cu/TiC-13 and (b) Al4Cu/TiC- 
                   93 composites, (c) corresponding EDS spectra taken from particles  
                   marked as C in Fig.b, and (d) from particles marked as R in Fig.b.   
5.3 TEM Studies 
To reveal more information and get better understanding of the morphology and 
chemistry of the existing precipitates in the sintered samples, transmission electron 
microscopy (TEM) investigations were conducted. A TEM bright field (BF) image 
taken from the Al4Cu sample and the corresponding selected area diffraction (SAD) 
pattern are presented in Figs. 5.6 (a) and (b), respectively. SAD pattern was taken 
from a rod-like particle (marked as R) and its near vicinity in Fig. 5. 6 (a). This SAD 
pattern indicates a mixture of diffracted rings including Al2Cu and Al7Cu2Fe 
precipitates. The d-spacings calculated from the ring patterns closely match the 
standard d-spacings given in the ICDD data of the Al2Cu [202] and Al7Cu2Fe phases 
[203], as reported in Table 5.1. In this table, d-spacing values taken from ICDD data 
of the Al2Cu, Al7Cu2Fe phases are given as theoretical d-spacing. Whereas the inner 
rings of the SAD pattern are indexed as (211), (310) Al2Cu phase reflections, and the 
outer ring indexed as (318) Al7Cu2Fe intermetallic phase reflection. Thus, the rod-
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like particle (R) belongs to the Al7Cu2Fe precipitate which is approximately 18 nm in 
diameter and 65 nm in length.  
Table 5.1: Interplanar spacing determined by SAD for sinter Al-4wt.%Cu alloy.   
Ring d-spacing 
(measured) 
(Ao) 
d-spacing 
(theoretical) 
(Ao) 
Al2Cu Al7Cu2Fe 
1 2.37 2.377 (211) - 
2 1.92 1.919 (310) - 
3 1.37 1.362 - (318) 
 
The Al7Cu2Fe precipitate was also identified in the microstructure of a MA Al-
10wt% Pb-4.5% Cu alloy [155], but its morphology is more rectangular in shape than 
that revealed in the present study. Fig. 5.6 (a) also reveals that rod-like particles are 
distinguishable while the presence of Al2Cu is possibly discernable from the TEM 
micrograph of the Al4Cu alloy.  
 
Figure 5.6: (a) Bright field TEM micrograph from Al4Cu alloy and (b)  
                    corresponding SAD pattern from region R (in Fig. 5. 6a). 
Fig. 5.7 (a) shows a BF TEM image taken from the Al4Cu/ZrC-8 composite. A 
number of ZrC particles (dark phases) precipitated in matrix can be clearly seen and 
the size of carbide particles nearly spherical in shape is estimated to be between 20 
and 30 nm. These carbide particles are remarkably smaller than those measured on 
the corresponding SEM micrograph (Fig. 5.4a). On the basis of SEM and TEM 
analyses, it can be stated that the ZrC particles do not undergo any dissolution after 
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sintering at 550 oC and the interface maintained its sharp integrity and no 
intermediate phases were detected. The corresponding EDS spectra from the carbide 
particle (indicated as C) and Al7Cu2Fe particle (indicated as R) were given in Fig. 
5.7(b) and (c), respectively. The presence of the small amount of O in EDS spectrum 
taken from near the fine Al7Cu2Fe particles (Fig. 5.7c) proved that Al matrix also 
contains some oxygen. This is probably due to the fact that the surface of the thin foil 
sample was oxidized when exposed to air. 
 
Figure 5.7: (a) Bright field TEM micrograph from the Al4Cu/ZrC-8 composite with  
                    corresponding EDS spectra taken from (b) carbide particle (marked as 
                   C), and (c) Al7Cu2Fe particle (marked as R).  
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Figure 5.8: (a) Bright field TEM micrograph from (a) carbide (marked as C) dense  
                    region and (b) Al7Cu2Fe particle dense region, (c) EDS analysis taken 
                    from the Al7Cu2Fe particle region in Al4Cu/TiC-13 composite sample.  
 
Figure 5.8 (a) and (b) show a set of TEM micrographs taken from the carbide and 
Al7Cu2Fe dense regions of the Al4Cu/TiC-13 sample, respectively. It can be 
distinguished carbide particle crystals in the reflecting positions visible as dark in 
Figure 5.8 (a) and one can estimate their average size as 6.08 ± 3.16 nm. Rod-like 
particles in Figue 5.8 (b) belong to Al7Cu2Fe particles with the average thickness of 
16.7 ± 1.62 nm and the length changing between 83.3 nm to 163 nm in size. The 
corresponding EDS spectra from the rod-like Al7Cu2Fe particle were given in Fig. 
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5.8(c). The presence of oxygen  is probably due to the fact that the surface of the thin 
foil sample was oxidized when exposed to air, as observed in Fig. 5.8 (c). 
5.4 Density and Hardness Results  
Volume fractions of carbide particles in sintered samples were calculated from 
weight percentage of carbon which is determined by the hot combustion method. 
Table 5.2 gives the actual and nominal carbide contents of carbide particles in 
sintered composites. Nominal wt.% and vol.% of carbide particles given in Table 5.2 
are obtained from the carbon analysis results of MA powders. As can be seen from 
Table 5.2, the content of carbide particles in Al4Cu/ZrC-8 increased from 10.6 vol.% 
to 15.1 vol.%, due to clustering of fine ZrC particles in the sintered sample.    
 
Table 5.2: Nominal and actual carbide content of sintered samples and their  
                  interparticle spacing values. 
Compositions Actual 
wt.% of 
carbon 
Nominal 
wt.% of 
Carbide 
Nominal 
vol.% of 
Carbide 
*Actual 
vol. % of 
Carbide 
Interparticle 
spacing, λ, 
µm 
Al4Cu/ZrC-8 3.50 22.4 10.6 15.1 1.51 
Al4Cu/ZrC-157 2.14 20.6 9.7 8.5 5.86 
Al4Cu/TiC-13 3.22 16.9 10.3 9.7 3.26 
Al4Cu/TiC-93 3.20 17.9 10.9 9.7 5.45 
*Calculated from actual wt.% of carbon.  
The bulk density (Archimedes density) and relative density results of vacuum hot 
pressed composite samples and unreinforced matrix sample are summarized in Table 
5.3.  
Table 5.3: Bulk and relative density results of sintered samples. 
 
Samples 
 
Bulk  density 
(g/cm3)  
 
Theoretical 
density 
(g/cm3)  
 
Relative 
density 
(%) 
Al4Cu 2.690± 0.050 2.773 97.0 
Al4Cu/ZrC-8 2.917± 0.004 3.366 86.6 
Al4Cu/ZrC-157 2.888± 0.009            3.106 93.0 
Al4Cu/TiC-13 2.842± 0.009 2.979 95.3 
Al4Cu/TiC-93 2.779± 0.018 2.978 93.3 
 
The theoretical density values of sintered samples were calculated using the rule of 
mixtures. The actual volume percentage of carbide particles was used to calculate the 
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theoretical density values of sintered samples. For calculation of theoretical density 
calculations of Al4Cu alloy, the actual weight percentages of Cu and Al were taken 
as 4wt.% and 96 wt.%, respectively. As seen in Table 5.3, the relative density values 
of sintered samples vary from 97.0 to 86.6. The relative density of Al4Cu/ZrC-8 
sample has the lowest relative density value of  86.6, although the finer ZrC (8 µm) 
powders are expected to have a beneficial effect on the densification of the 
Al4Cu/ZrC-8 composite. The lowest relative density values obtained for the sintered 
Al4Cu/ZrC-8 can be attributed to inhomogeneous distribution of fine ZrC particles. 
The finer initial TiC (13 µm) powders appeared to have a beneficial effect on the 
densification of Al4Cu/TiC-13 composite compared to Al4Cu/TiC-93 including 
coarse initial TiC (93 µm) particles since relative density increased as starting 
particle size decreased.  
Figure 5.9 shows the vickers hardness values of sintered Al4Cu alloy and its 
composites.  
 
Figure 5.9: Hardness values of vacuum hot pressed Al4Cu alloy and its composites.  
 
Under the indentation load of 200 g, the hardness of the sintered matrix Al4Cu alloy 
was measured as 0.90 ± 0.08 GPa, while the composites exhibited higher hardness 
values. Addition of 10 wt. % ZrC particles as the reinforcement increased the 
hardness to 1.765 ± 0.10 GPa for Al4Cu/ZrC-157 and 1.912 ± 0.17 GPa for the 
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Al4Cu/ZrC-8 composites, whereas the hardness values 1.726 ± 0.04 GPa for 
Al4Cu/TiC-93 and 1.854± 0.068 GPa for Al4Cu/TiC-13 composite samples were 
obtained after sintering. Although the hardness of conventional Al4Cu alloys, 
fabricated by both the casting and casting with extrusion processes, has been reported 
to be in the range of 0.40-0.87 GPa [205-207], a relatively high hardness value of 
0.902 GPa was measured for the Al4Cu alloy. This can be attributed to the presence 
of Al7Cu2Fe intermetallics (Fig. 5.3) in the microstructure along with the Al2Cu 
intermetallics as well as the processing route utilized (mechanical alloying). The 
incorporation of ZrC and TiC particles into the Al4Cu matrix yielded further 
improvement in the hardness, because hard particulate reinforcements act as a barrier 
to the dislocation movement within the matrix and exhibit greater resistance to 
indentation of the hardness tester [208]. The hardness values of Al4Cu/TiC-93, 
Al4Cu/TiC-13 and Al4Cu/ZrC-157  composites and the matrix Al4Cu alloy correlate 
well with relative density values which are given in Table 5.3. Although the relative 
density value of Al4Cu/ZrC-8 composite is lower than those of the other composites, 
higher volume fraction of ZrC particles (15.1 vol.%) in Al4Cu/ZrC-8 composite 
(Table 5.2) is  attributed to the high hardness value (1.912 ± 0.17 GPa).  It can be 
seen from the hardness figure that addition of finer carbide particles (either TiC or 
ZrC) into Al4Cu alloy leads to higher hardness compared to composite containing 
coarser particles.  
Increase of hardness with decreasing particle size can be attributed to the 
interparticle spacing which is directly proportional with the size of the reinforcement 
particles for a constant amount of reinforcement [209]. The interparticle spacing 
values of each composites are also shown in Table 5.2. Note that the interparticle 
spacing for each composite were estimated from the average particle sizes (i.e., 3.8 
µm for Al4Cu/ZrC-157 and 0.9 µm for Al4Cu/ZrC-8, 2.58 µm for Al4Cu/TiC-93 
and 1.50 µm for Al4Cu/TiC-13 samples, as measured by an image analyzer). It can 
be noted from Table 5.2 that the actual volume fractions of TiC particles for 
Al4Cu/TiC-13 and Al4Cu/TiC-93 composites are the same value of 9.7. Calculations 
show that the average interparticle spacing between the TiC particles is 3.26 µm for 
the Al4Cu/TiC-13 and 5.45 µm for the Al4Cu/TiC-93 composites. Therefore, the 
differences in average interparticle spacing values for the Al4Cu/TiC-13 and 
Al4Cu/TiC-93 composites depend directly on the mean particle size of TiC particles. 
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This explains the hardness differences between the Al4Cu/TiC-13 and Al4Cu/TiC-93 
samples. Small interparticle spacing lead to higher stresses for the passage of 
dislocations through the carbides [210, 211]. One can see from the Table 5.2 that the 
actual volume fractions of ZrC particles for the Al4Cu/ZrC-8 and Al4Cu/ZrC-157 
composites are different. The high actual volume fraction of fine ZrC particles 
(average size of 0.9 µm) is due to inhomogeneous distribution of ZrC particles. The 
inhomogeneity of ZrC particles come from the unbroken ZrC particle clusters 
inherited from the as-received powder material that did not dissociate during the MA 
process. Therefore, in case of Al4Cu/ZrC-8 composite, both the high volume fraction 
and the fine size of carbide particles contribute to the higher hardness compared to 
Al4Cu/ZrC-157 composite (see Table 5.2 and Figure 5.9). Similar reinforcement size 
effect has also been observed for the Al-SiC [212], and Al-4.5% Cu-Al2O3 
composites [213].  
5.5 Wear Properties 
The relative wear resistance values of Al4Cu alloy, the Al4Cu/ZrC-8, Al4Cu/ZrC-
157, Al4Cu/TiC-13 and Al4Cu/TiC-93 composites were calculated from the 2-D 
profile images of the wear tracks (Fig. 5.10 and 5.11). Narrow and shallow wear 
tracks were developed on the surface of composites as compared to the Al4Cu alloy. 
Relative wear resistance of the samples was quantified by dividing the wear track 
area of Al4Cu alloy into that of the composites. Thus, wear resistance of the sintered 
Al4Cu alloy was taken as having a reference value of 1.0. When compared to 2-D 
wear track profiles of both the ZrC and TiC composites with Al4Cu alloy, much 
deeper and wide wear track results in bigger wear area observed in Al4Cu alloy. 
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Figure 5.10 : 2-D wear track profiles of the sintered (a) Al4Cu/ZrC-157, (b)  
                      Al4Cu/ZrC-8 composites, and (c) Al4Cu alloy.  
 
 
Figure 5.11: 2-D wear track profiles of the sintered (a) Al4Cu/TiC-93, (b) 
                     Al4Cu/TiC-13 composites, and (c) Al4Cu alloy. 
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Figure 5.12 shows the variations of hardness and wear resistance of the Al4Cu alloy 
and its composites as a function of volume fractions of carbide particles. The wear 
resistance results Figure 5.12 revealed that the incorporation of carbide particles into 
Al4Cu alloy increases the wear resistance of unreinforced alloy. Al4Cu/ZrC-8 and 
Al4Cu/ZrC-157 composites exhibit higher wear resistance by a factor of two to nine, 
respectively, compared to that of the Al4Cu alloy, whereas the Al4Cu/TiC-13 and 
Al4Cu/TiC-93 composite exhibit with magnitude of nine and eight times higher wear 
resistance, respectively, compared to Al4Cu. Although Al4Cu/ZrC-8 composite has 
higher hardness and particle volume fraction compared to the Al4Cu/ZrC-157 
composite, wear resistance of Al4Cu/ZrC-8 composite approaches to that of the 
matrix Al4Cu alloy. It can be suggested from the SEM images of Al4Cu/ZrC-8 
composite (Fig. 5.4) that the wear resistance of Al4Cu/ZrC-8 composite may be 
affected by the particle agglomeration. Furthermore, the addition of TiC particles is 
more effective in increasing the wear resistance of composites compared to ZrC 
particles, since monolithic TiC particles have higher hardness value (3000 HV) than 
the ZrC particles (2300 HV) [190].   
 
 
Figure 5.12 : Variation of hardness and the relative wear resistance of  Al4Cu alloy  
                      and its composites as a function of carbide volume fraction (hardness  
                      as shown with filled symbols, whereas relative wear resistance is  
                      shown as open symbols).  
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In order to understand effective wear mechanism for wear resistance of composites, 
the worn surface appearances were examined in Fig. 5.13 and 5.14. The topography 
of the wear tracks developed on the composites is quite different than that of the 
Al4Cu alloy (Fig. 5.13a), which exhibits typical surface damage like grooves aligned 
in the sliding direction. As can be seen in the SEM micrographs (Fig. 5.13b and c), 
the presence of ZrC particles in the microstructure led the composites to resist 
destructive action of the counterface (steel ball) by reducing the size of the grooves. 
However, the worn surface topography of Al4Cu/ZrC-8 is rougher with signs of local 
ZrC particle detachment than that of the Al4Cu/ZrC-157 composite. Similar worn 
surface observations were seen in the SEM micrographs of TiC reinforced Al4Cu 
composites (Fig. 5.14a and b). It is evident from the worn surface micrograph of 
Al4Cu/TiC-13 composite that the wear surfaces become much rougher as compared 
to the composite sample containing 93 µm TiC particles In addition, series of fine 
cracks perpendicular to the sliding direction on steel ball exist in worn surface of 
Al4Cu/TiC-13 composite sample (Fig. 5.14a), these are generally associated with 
delamination.    
SEM observations from Fig. 5.13 and 5.14 indicates that coarse ZrC particles (1.5-6 
µm) and TiC particles (0.8-5.6 µm) provided better interfacial bonding with the 
matrix, hence continuously protecting the composite by remaining on the contact 
surface. In addition, lower wear resistance of the Al4Cu/ZrC-8 composite than that 
of Al4Cu/TiC-13 composite depends on particle distribution. As mentioned before, 
SEM observations have shown that the tendency of clustering was found to be 
greater in the Al4Cu/ZrC-8 composite. Since particles associated with such clusters 
are only loosely bonded to the matrix, they are easily pulled out of the matrix during 
wear [208]. Clustering can give rise to particle-particle contact and thereby reduce 
bonding with matrix. Therefore, the lower wear resistance of Al4Cu/ZrC-8 
composite than the Al4Cu/ZrC-157 composite can be correlated with relatively weak 
interfacial bonding between aluminum matrix and fine ZrC particles. However, no 
attempt is made in the present study to measure the strength of the interface. Similar 
to the worn surface observations of the present composites, reduction in sliding wear 
resistance by detachment of the reinforcement particles has been reported for the 
2014 Al-SiC [214], and Al-4.5%Cu-TiB2 [215] composites.  
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Figure 5.13: Worn surface appearances of sintered (a) Al4Cu alloy, (b) Al4Cu/ZrC- 
                      8, (c) Al4Cu/ZrC-157 composites, and (d) EDS spectra taken from the  
                      carbides in the microstructure of the sintered Al4Cu/ZrC-157   
                      composite (marked as C).  
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Figure 5.14: Worn surface appearances of sintered (a) Al4Cu/TiC-13, (b) 
                     Al4Cu/TiC-93 composites, and (c) EDS spectra taken from the carbides 
                     in the microstructure of the sintered Al4Cu/TiC-93 composite (marked  
                     as C).  
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6. CHARACTERIZATION OF CAST COMPOSITES 
In this chapter of the thesis, the effect of particle size on microstructure and physical 
properties of Al-4wt.% Cu composites reinforced with both the 10 wt.% TiC and ZrC 
particles using the K-Al-F type flux-assisted casting method were evaluated. The TiC 
having in mean size of 13 µm, 93 µm and ZrC particles having in mean size of 8 µm, 
157 µm were introduced into Al-4wt.% Cu as reinforcements. The  effect of ZrC and 
TiC particle size and their nature on the microstructure and hardness properties of 
composite was evaluated. Additionally, Al-4wt.% Cu-xTiC (x=5, 10, 15 and 20 
vol.%) composites were fabricated using the same casting method. For the 
composites contanining different vol.% of TiC (2.9 µm), the effects of the 
reinforcement volume content on the microstructure, density, hardness and wear 
resistance of the composite materials were evaluated by comparing the unreinforced 
alloy. The detailed fabrication method and instrumentation for microstructural 
examination were given in the experimental procedure section of this thesis. Studies 
carried out on the microstructural evolution of composites indicated that TiC 
particles with the mean sizes of 13 µm and 93 µm  were uniformly distributed and no 
clustering of TiC reinforcements in Al4Cu/TiC-13 and Al4Cu/TiC-93 composites 
was observed whereas the cluster formation exists in composites containing small 
size of ZrC particles (8 µm). Clustering of small ZrC particles within the Al-4wt.% 
Cu matrix leads to a decrease in the hardness of composite compared to coarse ZrC 
reinforced composite. Hardness of Al-4wt.% Cu alloy increased by a factor of two 
with the addition of 10 wt.% TiC particles, 1.3 GPa was obtained for the composite 
containing small TiC (13 µm) reinforcements. Sliding wear resistances of the 
composites appear to be strongly influenced by the volume fraction of TiC particles, 
compared to unreinforced Al-4wt.%Cu alloy. Presence of well bonded TiC particles 
(2.9 µm) with matrix continuously protects the surface of composites against the 
severe  destructive action of the counterface.  
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6.1 XRD Analysis 
X-ray diffraction (XRD) investigations were carried out to identify the phases 
present in cast samples. Figure 6.1(a)-(c) are respective X-ray diffraction (XRD) 
patterns of Al4Cu alloy, AlCu/ZrC-8 and Al4Cu/ZrC-157 composite samples. 
Diffraction peaks belonging to Al (fcc Bravais lattice, Fm3m space group, a = 
0.40494 nm) [197] and Al2Cu (body centered tetragonal Bravais lattice, I4 space 
group, a= 0.6070 nm and c= 0.4890 nm) [202] are present in all samples. In addition 
to Al and Al2Cu phases, reflections arising from ZrC (fcc Bravais lattice, Fm3m 
space group, a= 0.4693 nm) [198] were detected in the Al4Cu/ZrC-8 (Fig. 6.1b) and 
Al4Cu/ZrC-157 (Fig. 6.1c) composite samples. Likewise, the X-ray diffraction 
(XRD) patterns of Al4Cu alloy, Al4Cu/TiC-13 and Al4Cu/TiC-93 composite 
samples were given in Figure 6. 2(a), (b), and (c), respectively. The peaks belonging 
to Al and Al2Cu phases are the same diffractions observed in the XRD scans of ZrC 
reinforced composite samples (Fig. 6.1). Additionally, the peaks belonging to the 
TiC phase (fcc Bravais lattice, Fm3m space group, a = 0.43274 nm) [200] were 
detected in the XRD scans of Al4Cu/TiC-13 (Fig. 6.2b) and Al4Cu/TiC-93 (Fig. 
6.2c) composite samples, indicating that no reactions occurred between Al and TiC 
during the casting process.  
In addition to Al, TiC phase reflections, KAlF4 phase (tetragonal Bravais lattice, 
P4/mbm space group, a= 0.5024 nm and c = 0.6156 nm) [216] was detected in the 
XRD reflections of the Al4Cu/TiC-93 sample (Fig. 6.2c) and the Al4Cu/ZrC-8 
sample (Fig. 6.1b). This suggests that some of the protective flux got trapped in the 
cast ingots.   
 
127
 
Figure 6.1: X-ray diffraction (XRD) patterns taken from (a) Al4Cu, (b) Al4Cu/ZrC- 
                  8 and (c) Al4Cu/ZrC-157. 
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Figure 6.2: X-ray diffraction (XRD) patterns taken from (a) Al4Cu, (b) Al4Cu/TiC- 
                    13 and (c) Al4Cu/TiC-93. 
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Fig. 6.3 (a-e) show a series of XRD patterns taken from the Al4Cu alloy and 
Al4Cu/TiC composites containing 5, 10, 15 and 20 vol. % TiC, respectively. Similar 
with the Fig. 6.1 and 6.2, α-Al and Al2Cu phases are present in all samples. 
Formation of the Al2Cu phase is expected according to the binary aluminium copper 
phase diagram [74]. Additionally, TiC peaks (face-centered cubic Bravais lattice, 
Space Group: Fm3m, a = 0.43274 nm) [200] are identified in all composite samples 
containing various TiC contents (5-20 vol.%). Further, as seen from Figs. 6.3(b-e), 
XRD peak intensities of the TiC phase clearly increase with increasing volume 
fraction of TiC particles from 5 vol.% to 20 vol.%.  
 
Figure 6.3: X-ray diffraction (XRD) patterns of the (a) Al4Cu and       
                   Al4Cu/TiC composites containing (b) 5, (b) 10, (c) 15, and (d) 
                   20 vol.% of TiC particles.  
 
6.2 SEM Investigations 
Typical SEM images show representative microstructure of cast Al4Cu alloy in 
Figure 6.4. The microstructure of the as-cast Al4Cu alloy exhibited a cellular type α-
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Al matrix with an intercellular eutectic (indicated with an arrow) of the Al2Cu type. 
The eutectic phase was formed between primary α-Al and Al2Cu phase. 
Corresponding EDS analysis taken from intercellular region is given in Fig. 6.4b. 
 
Figure 6.4: SEM microstructure of cast (a) Al4Cu alloy, and its (b) corresponding   
                    EDS spectra taken from the intercellular region.  
The low magnification SEM micrographs of Al4Cu/ZrC-8 and Al4Cu/ZrC-157 
composites are given in Figures 6.5a and 6.5c, respectively. The microstructure of 
the Al4Cu/ZrC-157 revealed that the angular shaped ZrC particles were reasonably 
dispersed in the Al-matrix, whereas clustering of fine ZrC particles within the Al 
matrix with particle free regions were observed in the Al4Cu/ZrC-8 composite. 
Clustering of fine ZrC particles is associated with agglomeration of as-received 
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particles which were not broken down during casting process. Clustering phenomena 
were also reported for the Al-10 vol. % WC (<10 µm) [217] composite produced by 
casting method due to agglomeration of starting powder which did not dissociate 
during their incorporation into aluminium melt. 
High magnification SEM images are also given to evaluate both the particle-matrix 
interface and the resultant microstructure of Al4Cu/ZrC-8 and Al4Cu/ZrC-157 
composite samples which are shown in Figs. 6.5(b) and 6.5(d), respectively. As seen 
obviously from these micrographs, ZrC particles appear to be well bonded with Al-
matrix, since no detachment or porosities exist at particle-matrix interfaces. In 
addition, small porosities present especially in the clustered area. Besides, the EDS 
analysis taken from ZrC particles are given in Fig. 6.5 (d) as an inset.  
 
Figure 6.5: (a)-(b) low and high magnification SEM images of Al4Cu/ZrC-8 
                    composite, respectively, (c)-(d) low and high magnification SEM images  
                    of Al4Cu/ZrC-157composite, respectively, with corresponding EDS  
                    analysis of ZrC particle. 
 
 
 
132
Representative low magnification SEM micrographs of the Al4Cu/TiC-13 and 
Al4Cu/TiC-93 composites are shown in Figure 6.6(a) and (c), respectively, revealing 
that the angular shape TiC particles were reasonably dispersed in the Al-matrix. In 
addition, a few round shaped porosities were observed in the microstructure of the 
composite samples. Furthermore, contrary to the Al4Cu/ZrC-8 composite sample 
(Fig. 6.5b), clustering and agglomeration of TiC particles (in size of 13 µm and 93 
µm) within the Al4Cu matrix alloy were not observed. Figs. 6.6 (b) and (d) are the 
high magnification SEM micrographs of Al4Cu/TiC-13 and Al4Cu/TiC-93 
composite samples, respectively. The EDS analysis (given as inset) taken from the 
light appearing areas (marked as C) in Fig. 6.6(d) confirms that these particles are 
TiC. It should be noted that no interfacial reaction products such as Al4C3, Al3Ti, 
Ti3AlC, as reported in other works [31, 218], were observed at the particle-matrix 
interfaces of TiC particles (Fig. 6.6b and 6.6d), since they have clean and smooth 
interfaces. This can be explained by short contacting time (3-5 min) that cannot 
provide enough time for reaction between the molten metal and reinforcement during 
casting process. It can be noted from the microstructures of the cast samples (Fig. 
6.6) that some porosities exist corresponding to the presence of carbide particles. A 
possible reason for this could be that a complete or partial removal of TiC 
particulates from the surfaces of powders during metallographical surface 
preparation.  
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 Figure 6.6: (a)-(b) low and high magnification SEM images of Al4Cu/TiC-13  
                     composite, respectively, (c)-(d) low and high magnification SEM 
                     images of Al4Cu/TiC-93 composite, respectively.   
 
Effect of volume fractions of TiC (2.9 µm) on the microstructure of Al4Cu were 
evaluated using SEM images. Figures 6.7a and 6.7b are the representative SEM 
micrographs taken from the Al4Cu/5 vol.% TiC and Al4Cu/15 vol.% TiC composites 
revealing that TiC particles are dispersed reasonably well in the Al-matrix. However, 
a detailed examination shows a small-scale clustering of TiC particles in some local 
areas of the matrix. 
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Figure 6.7: SEM micrographs taken from (a) Al4Cu/5 vol.%TiC, (b) Al4Cu/15    
                   vol.%TiC. 
It has been reported that particle clustering occurred when the fine particle size and 
large volume fractions of reinforcement were introduced into matrix [219]. Kennedy 
et al. [25] reported clustering phenomena in Al MMCs containing 10 vol.% of TiC (5 
µm) and TiB2 (7 µm) because of increased particle collosions due to greater numbers 
of particles present. Therefore, current findings verify the effect of both the particle 
size and the amount of reinforcement in Al composites. 
Figure 6.8 (a-d) are the respective high magnification SEM micrographs of Al4Cu-
10 vol.% TiC and Al4Cu-15 vol.% TiC composite samples and their corresponding 
EDS spectra taken from the matrix materials, revealing the strongly bonded TiC 
particles existing in the matrix. 
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Figure 6.8: SEM micrographs of the (a) Al4Cu/10 vol. % TiC,  Al4Cu/15 vol. % 
                   TiC, and EDS spectra from overall area of (c) Al4Cu/10 vol. % TiC, and  
                  (d) Al4Cu/15 vol. % TiC.   
The EDS analyses results taken from the matrix of the composite samples (Fig. 6.8 c 
and Fig. 6.8 d) exhibit that peak intensities of Ti and C increase with increasing TiC 
content. It is clear from the SEM/EDS investigations that no reaction products can be 
observed in the interface between Al and TiC particles or within the matrix at the 
present casting temperature of 800 oC. Although the intermetallic phases such as 
Al4C3, Al3Ti enhance wetting by reducing the contact angle between TiC particles 
and molten Al, they are undesirable for their brittleness in nature. The free energy 
change (∆Go) for the reaction between Al and TiC was reported as + 9.71kJ/mole 
[220] at 800 oC revealing that no reaction could take place at this temperature. 
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6.3 Density and Hardness Properties 
The theoretical density of the composites was calculated by the rule of mixture 
(ROM) using the density of TiC as 4.93 g/cm3 [190] or ZrC  as  6.73 g/cm3 [190] and 
Al4Cu as 2.77 g/cm3. For theoretical density (ρth), it was assumed that there were no 
voids after casting process. The ROM can be expressed by: 
        


                                                                                      (6.1) 
where Vm is the volume fraction of the matrix and Vc is the volume fraction of the 
carbides. The ρc and ρm are the density values of carbides and matrix, respectively. 
The actual volume fraction values are used in the calculation of theoretical densities 
of cast samples. Actual volume fractions of carbides and matrix material are 
calculated from carbon analysis results of cast samples. The detailed carbon analysis 
measurements are given in experimental procedure section. The experimental density 
values of cast samples were determined using Archimedes’ method, with ethanol as 
the suspending medium. A precision research balance (resolution 0.00001 g) was 
used throughout the measurements. Table 6.1 lists the experimental and theoretical 
density values of cast samples.    
Table 6.1: Experimental and theoretical density values of cast samples.  
 
Compositions 
Actual 
wt.% of 
carbon 
*Actual 
vol. % of 
carbide 
ρmeasured 
(g/cm3) 
ρth 
(g/cm3) 
Estimated 
porosity 
(%) 
Al4Cu - - 2.76±0.002 2.77 0.3 
Al4Cu/ZrC-8 4.73 22.0 3.12±0.004 3.64 14(?) 
Al4Cu/ZrC-157 6.80 36.7 4.04±0.013 4.22 4 
Al4Cu/TiC-13 5.30 16.8 3.08±0.008 3.13 2 
Al4Cu/TiC-93 9.95 35.7 3.52±0.006 3.54 1 
Al4Cu/5vol.%TiC  1.37 4.0 2.81±0.005 2.85 1 
Al4Cu/10 vol.%TiC  2.73 8.1 2.93±0.02 2.94 1 
Al4Cu/15vol.%TiC  3.78 11.5 2.97±0.06 3.02 2 
Al4Cu/20 vol.%TiC 5.75 18.5 3.08±0.03 3.17 3 
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As seen in Table 6.1, the density of Al4Cu/TiC (2.9 µm) composite increased with 
increasing TiC content (5-20 vol.%) due to its higher density (4.93 g/cm3) compared 
to that of Al (2.71 g/cm3). The difference between the experimental data and the 
calculated  result suggest that the estimated porosity values of samples vary between 
1% and 3% for Al4Cu/TiC (5-20 vol.% TiC). Similarly, Al4Cu/TiC-13, Al4Cu/TiC-
93 and Al4Cu/ZrC-157 composites exhibit high density values compared to 
unreinforced alloy. The estimated porosity values of these three composites are  
changing from 1% to 4%. However, in the case of the Al4Cu/ZrC-8 composite the 
differences between the experimental and theoretical density do not reflect directly 
on the actual porosity value for cast sample due to inhomogeneous distribution of 
fine ZrC carbide particles (see Figure 6.5b). The presence of clustering gives 
inconsistent results for carbon analysis hence this directly affects the theoretical 
density values. Therefore, the estimated porosity value for cast Al4Cu/ZrC-8 
composite is found much higher than as expected. The results from SEM 
microstructure (Fig. 6.5b) of Al4Cu/ZrC-8 confirm that estimated porosity should be 
lower than that value given in Table 6.1 (14 %). Note that all the carbon analysis 
results are obtained from measurements of one sample for each composition.     
Hardness is a property that related to the material resistance against plastic 
deformation. Consequently, all factors that have influence on dislocation mobility 
may affect the hardness of aluminum alloys. In case of aluminum alloys, the most 
relevant factor is interparticle spacing, in such a way that hardness increases with 
decreasing the interparticle spacing [34]. Figure 6.9 represents the hardness values of 
the Al4Cu alloy and its composites. The hardness of Al4Cu alloys was found as 0.56 
GPa, which is in the range of 0.40-0.87 GPa reported for conventional Al4Cu alloys 
[205-207]. The results of hardness measurements revealed that addition of both ZrC 
and TiC reinforcements lead to a significant increase compared to Al4Cu. This can 
be attributed primarily due to the presence of relatively harder ceramic particulates in 
the matrix [212], and the distribution of reinforcing particles [59]. Addition of ZrC 
particles as the reinforcement increased the hardness to 0.8±0.05 GPa for the 
Al4Cu/ZrC-8 and 1.44±0.11GPa for the Al4Cu/ZrC-157 composites, whereas the 
hardness values increased from 1.06± 0.15 GPa for the Al4Cu/TiC-93 to 1.3± 0.16 
GPa for the Al4Cu/TiC-13 composite. For the particle-matrix composites, the 
hardness value depends primarily on the volume fraction and density of 
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reinforcement phases [219]. In the present study, increase in hardness values with 
decreasing reinforcement particle size can be explained by the amount of particle-
matrix interfaces in which high dislocation concentrations exist. Thus, smaller TiC 
particle reinforced composite (Al4Cu/TiC-13) has more particle-matrix interfaces 
than coarse particle reinforced composites (Al4Cu/TiC-93). 
 
Figure 6.9: Hardness values of Al4Cu alloy and its composites containing various  
                    size of ZrC and TiC particles.  
 
Although, it was expected that the hardness of composites increased as the particle 
size of reinforcement decreased due to the larger hardening effect of constructed 
finer reinforcement with small interparticle spacing, clustering of fine carbides in 
Al4Cu/ZrC-8 deteriorates the hardness compared to Al4Cu/ZrC-157 composite 
containing coarse particles. Besides, higher volume content (about 36 vol.%) of ZrC 
particles in Al4Cu/ZrC-157 composite (Table 6.1) compared to 22 vol. % for the 
Al4Cu/ZrC-8 composite is attributed to high hardness. Figure 6.10 presents the 
hardness and relative wear resistance values of the Al4Cu alloy and those of the 
Al4Cu/TiC composites with various TiC contents. It is evident from Figure 6.10 that 
additions of TiC reinforcements in various amounts to the Al4Cu alloy lead to 
significant increases in the hardness of Al4Cu. As seen in Figure 6.10, whereas the 
Al4Cu/20 vol.% TiC composite has a hardness value of approximately 2.33 GPa, that 
of the as-cast Al4Cu alloy is 0.6 GPa. The increase in volume percent of TiC led to a 
decrease in interparticle spacing. Thus, Al4Cu/20 vol.% TiC composite has more 
particle-matrix interfaces and smaller interparticle spacing  than the Al4Cu/5 vol.% 
TiC composite. According to Equation (2.2), the interparticle spacing (λ) value of the 
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Al4Cu/20vol.% TiC is calculated as 2.95 µm, while this value is 7.08 µm for the 
Al4Cu/5vol.% TiC composite. This is attributed to increment of hardness in 
Al4Cu/20 vol.%TiC.  
 
 
Figure 6.10: Hardness and relative wear resistance of the Al4Cu alloy and 
                    Al4Cu/TiC composites as a function of TiC particles content.  
Relative wear resistance of the Al4Cu/TiC (5-20 vol.%) samples was quantified by 
dividing the wear track area of the Al4Cu alloy to that of composites. Thus, wear 
resistance of the unreinforced Al4Cu alloy was taken as 1. In Fig. 6.10, the wear 
resistance is observed to increase with increasing the volume fraction of TiC 
particles. When the volume fraction of TiC increases from 10% to 20%, the relative 
wear resistance increases by approximately twenty three times. In addition, a trend of 
increase in the relative wear resistance with increasing hardness can be observed. 
The hardness increment is attributed to increase in wear resistance.  
Low magnification SEM images of wear tracks developed on the surfaces of the 
Al4Cu alloy and Al4Cu/TiC composites during dry sliding tests are presented in 
Figs. 6.11 (a-e). As seen in this figure, the width of wear surfaces and the amount of 
ridges observed at the edges of the wear surfaces decrease with increasing TiC 
contents from 0 vol. % through 20 vol.%. Furthermore, the dry sliding wear 
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generates wear tracks having the typical characteristics of adhesive wear surface 
appearance. 
 
Figure 6.11: Low magnification SEM images showing the worn surfaces of the (a) 
                     Al4Cu alloy, and Al4Cu/TiC composites reinforced with (b) 5, (c)10,  
                     (d) 15 and (e) 20 vol.% TiC particles.   
 
Figs.6.12 (a-e) are the SEM images of wear surfaces generated during dry sliding 
wear tests on the Al4Cu alloy and Al4Cu/TiC composite samples. The wear surface 
of the Al4Cu matrix alloy in Fig. 6.12a presents significant deformation traces in the 
form of micro-ploughing and grooving compared to that of composite counterparts as 
seen in Figs. 6.12 (b-e). The SEM/EDS microstructures of the worn surfaces reveal 
that the wear mechanism appears to be adhesive associated with oxidative wear for 
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the Al4Cu alloy and the Al4Cu/ 5 vol. % TiC composite (Fig. 6.12 b). The EDS 
analysis taken from the area marked as A in Fig.6.12 a confirms the presence of the 
oxidative wear. In addition, the wear progressed by the formation and growth of 
adhered wear debris resulting in a delaminated surface with rough wear tracks. 
Formation of oxygen rich regions on the wear surfaces indicates the existence of 
frictional heating between the steel ball and the surface of sample. 
 
Figure 6.12: High magnification SEM images showing the worn surfaces of the (a) 
                     Al4Cu alloy, and Al4Cu/TiC composites reinforced with (b) 5, (c) 10,  
                     (d) 15 and (e) 20 vol.% TiC particles.   
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Wear surface topographies of the Al4Cu/10 vol. % TiC, Al4Cu/15 vol. %TiC and 
Al4Cu/20 vol.% TiC particles are represented in Figs 6.12 c, d and e, respectively. It 
is evident from these figures that the wear tracks developed on the surface of the 
composites are much narrow and shallow than those of the Al4Cu alloy and the 
Al4Cu/5vol.% TiC composite. Furthermore, the examination of the SEM micrograph 
in Fig. 6.12 d indicates that the TiC reinforcement particles (indicated by arrows) 
tend to align themselves in the sliding direction during the wear test. The presence of 
well bonded carbide particles with matrix continuously protect the contact surface of 
the Al4Cu/10 vol. %TiC, Al4Cu/15 vol. %TiC and Al4Cu/20 vol. %TiC composites 
against the destructive action of the steel ball. Although particle delamination in 
some local areas in the wear surface of these composites exist (Fig. 6.12 c-e), the 
presence of TiC particles having high volume fraction (> 5 vol.%) leads to a 
reduction in real area of contact between the matrix and the counterface. Thus these 
particles have dominant effect in preventing the plastic flow and the adhesion of 
matrix material by remaining on the worn surface. Similar worn surface topographies 
to those observed in the present study have also been reported by Shyu and Ho [221] 
for the in-situ Al-TiC composites using sliding wear tests, and Anasyida et al. [222] 
who investigated the dry sliding behavior of Al-12Si-4Mg alloy with 1-5 wt. % 
cerium additions.      
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7. FABRICATION OF COMPOSITE POWDERS USING IMPULSE            
ATOMIZATION  
In this part of the thesis, Al-4wt.%Cu alloy and 10 wt.% ZrC (mean size of 8 µm and 
157 µm) and TiC (means size of 13 µm and 93 µm) reinforced composites were 
fabricated by impulse atomization (IA) process, and the microstructure of composite 
and unreinforced alloy droplets were examined by SEM, XRD analysis. Prior to 
atomization experiments, these carbide particles were incorporated using the flux-
assisted casting method and these cast composite ingots were remelted for 
atomization process. The detailed casting and atomization experiments were given in 
experimental procedure section of this thesis.  
7.1 Sieve Analysis Results 
As mentioned before, the atomized powders were sieved and the sieving analysis 
results were analyzed using log-normal analysis to yield a geometric mass median 
size (d50) and a geometric standard deviation (GSD, d84/d50) [223]. Fig. 7.1 shows the 
cumulative sieve analysis results of the TiC reinforced Al4Cu composite droplets 
Al4Cu/TiC-93, Al4Cu/TiC-13 and unreinforced alloy powder Al4Cu droplets. Figure 
7.2 shows the sieve analysis results of ZrC reinforced composite droplets of 
Al4Cu/ZrC-8 and Al4Cu/ZrC-157. Al4Cu/ZrC-8 composite powders are atomized 
using two different impulse temperatures (i.e., 700oC and 840 oC). For convenience, 
powder atomized using high superheat (SPH) temperature of 840 oC is designated as 
Al4Cu/ZrC-8-SPH. In order to compare the sieve analysis results of ZrC reinforced 
composite powders with unreinforced Al4Cu alloy powders, the sieve analysis of 
Al4Cu alloy was also illustrated in Figure 7.2. The median size of the impulse 
atomized (IA) droplets with a geometric standard deviations (GSD, d84/d50) obtained 
from log-normal plot of atomized powders is given in Table 7.1.  
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Figure 7.1: Cumulative size distribution of the atomized Al4Cu/TiC-93, 
                   Al4Cu/TiC-13 composites and Al4Cu alloy droplets.  
 
The median particle size of given IA powders is dependent upon such factors as 
superheating temperature, material chemistry, hole size of the nozzle plate, 
atomization gas (He, N2, etc.), oxygen level into the chamber, and the applied 
frequency [194]. It was expected that the smaller nozzle size leads to the smaller 
mass median size of atomized powders [194]. However, present results from Table 
7.1 revealed that the median particle size of IA Al4Cu droplets is reduced from 651 
µm for the Al4Cu alloy to 564 µm and 546 µm with addition of TiC particles in size 
of 13 µm and 93 µm, respectively. This has occurred despite the fact that Al4Cu 
alloy powders were produced using a smaller nozzle size of 350 µm compared to 413 
µm for TiC reinforced composite powders. The possible reason for a decrease in the 
median size (d50) of Al4Cu alloy composite powder is unclear. Several researchers 
reported that the presence of hard insoluble particles in composites increases the 
viscosity of melt to a great extent [37, 224, 225]. Thus, it appears that the addition of 
TiC reinforcement particles lead to an increase in viscosity of the melt but the 
relationship between melt viscosity and the resultant size is at present unclear. The 
range of standard deviations are from 1.30 to 1.46 indicating that the distribution in 
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size of IA powders is very narrow, considering the fact that the standard deviation of 
powders produced with other atomization devices is usually around 2.2 [226].   
Table 7.1: Impulse atomization parameters of atomized droplets. 
Compositions Nozzle size 
(µm)/# of 
holes 
Atm/T(oC) d50 ,GSD 
(µm, d50 /d84) 
 Al4Cu  350/37 He/700 651 (1.46) 
Al4Cu/ZrC-8   350/37 He/700 475 (1.44) 
Al4Cu/ZrC-8-SPH  413/37 He/840 475 (1.37) 
Al4Cu/ZrC-157  413/37 He/700 592 (1.39) 
Al4Cu/TiC-13    413/37 He/700        564 (1.42)          
Al-4Cu/TiC-93  413/37          He/700              546(1.30) 
Although Al4Cu alloy and Al4Cu/ZrC-8 powders were produced using a same 
nozzle size of 350 µm and atomization temperature (700oC), about 25 % decrease in 
the mass median size (d50) was achieved with the addition of ZrC particles (see Table 
7.1). The addition of ZrC particles has similar effect on mass median size of powders 
with the addition of TiC particles into the Al-4wt.%Cu alloy droplets.The possible 
reason for a decrease in the median size of Al4Cu alloy composite powders is 
unclear since effects of carbide particles on viscosity of melt which directly affects 
the median size (d50) of droplets have not been investigated for the present alloy 
systems.  
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Figure 7.2: The cumulative size distribution of Al4Cu alloy, Al4Cu/ZrC-8, 
                   Al4Cu/ZrC-8-SPH and Al4Cu/ZrC-157 composite droplets.   
 
7.2 Density Measurements 
In order to specify the carbide contents of atomized powders, carbon analysis has 
been carried out. Carbon analysis results obtained from hot combustion of atomized 
powders and the carbide contents (vol.%) of powders are given in Table 7.2. The 
experimental density results obtained from a gas pycnometry measurements are also 
given in Table 7.2. Theoretical density,  values of atomized composites have 
been calculated using the rule of mixture (Equation 6.1). In Equation 6.1, volume 
fractions of carbides and matrix materials are the actual volume fractions which are 
given in Table 7.2.  Note that density values of TiC and ZrC particles are 4.93 g/cm3 
and 6.73 g/cm3[190], respectively, and density is 2.77 g/cm3 for Al4Cu. 
 
 
 
 
 
 
 
147
 
 
 
Table 7.2 : Actual volume fractions of carbide particles after atomization. Measured 
                  density and the estimated porosity values of atomized powders. 
Compositions Actual 
wt.% of 
carbon 
*Actual vol. 
% of carbide 
ρmeasured 
(g/cm3) 
Estimated 
porosity (%) 
Al4Cu - - 2.762±0.0012 0.28 
Al4Cu/ZrC-8 0.855 3.16 2.848±0.0019 1.63 
Al4Cu/ZrC-8-SPH 0.566 2.06 2.852±0.0027 - 
Al4Cu/ZrC-157 0.807 2.98 2.841±0.0090 1.62 
Al4Cu/TiC-13 2.099 6.17 2.862±0.0071 1.41 
Al4Cu/TiC-93 0.717 2.04 2.855±0.0013 - 
*calculated from carbon analysis result. 
 
Theoretical density values were calculated as:
   2.903 g/cm
3 for Al4Cu/TiC-13, 
  2.814 g/cm
3 for Al4Cu/TiC-93,   2.895 g/cm
3 for Al4Cu/ZrC-8,    
2.888 g/cm3 for Al4Cu/ZrC-157 composites. The theoretical density value of 
Al4Cu/ZrC-8 composite powders atomized at 840 oC is   2.852 g/cm
3.     
As seen Table 7.2 listed the measured density values of IA composite powders 
(Al4Cu/TiC-13 and Al4Cu/TiC-93) are greater than that of their matrix powders. 
This is attributed to the presence of TiC particles, which have a higher density (ρTiC = 
4.93 g/cm3) [190] than the density of Al (ρAl = 2.71 g/cm
3). Similarly, presence of 
ZrC particles, which have a high density (ρZrC = 6.56 g/cm
3), is contribute to the high 
density values of the IA samples. In addition, the measured densities revealed that 
the powders containing smaller TiC particles (13 µm) have a slightly higher 
measured density of 2.862±0.0071 g/cm3 compared to 2.855±0.0013 g/cm3 for 
Al4Cu/TiC-93 composite powders. The measured density of Al4Cu/TiC-13 
composite droplets correlates well with the higher amount of incorporated TiC 
particles (6.17 vol. %) in Al4Cu/TiC-13 sample.  It is also apparent from Table 7.2 
that the estimated porosity of all atomized powders is less than 2%. 
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 7.3 XRD Analysis Result 
An XRD analysis is employed to identify the phases present in powders after 
atomization. Fig. 7.3 shows the XRD pattern of the Al-4wt.% Cu alloy droplets and 
its composite droplets containing TiC particles with size of 13 and 93 µm. The 
characteristic peaks of Al phase (FCC Bravais lattice, Fm3m space group, a = 
0.40494 nm) [197], and Al2Cu (body centered tetragonal Bravais lattice, I4 space 
group, a = 0.5070 nm and c = 0.4890 nm) [202] present in all powder samples. 
Additionally, TiC peaks (FCC Bravais lattice structure with lattice parameter a = 
0.43274 nm) [200] were identified in the Al4Cu/TiC-13 sample (Fig. 7.3b), whereas 
no peaks belonging to TiC phase could be observed in the Al4Cu/TiC-93 powder 
sample (Fig. 7.3a). The absence of TiC peaks in the X-ray diffraction pattern of 
atomized Al4Cu/TiC-93 powders (Fig. 7.3a) is presumably due to low volume 
fraction (< 2 vol. %) of TiC in the matrix after atomization. The actual TiC content 
of 2.04 vol.% (Table 7.2) in the Al4Cu/TiC-93 sample is very close to the detection 
limit of the XRD instrument (~ 2 vol. %) indicating that TiC in the Al4Cu matrix 
could not be easily identified by XRD. 
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Figure 7.3: XRD patterns of the atomized droplets: (a) Al4Cu/TiC-93, (b)  
                   Al4Cu/TiC-13 and (c) Al-4wt.% Cu. 
Figure 7.4 (a)-(c) show the XRD patterns of composite powders fabricated by 
atomization process. Diffraction peaks belonging to Al, Al2Cu and ZrC (fcc Bravais 
lattice, Fm3m space group, a= 0.4693 nm) [199] were identified in all composite 
powders. Likewise, the small reflections of the Al3Zr phase (tetragonal Bravais 
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lattice, I4/mmm space group, a= 4.009 nm and c= 17.281 nm) [227] are present in 
the XRD patterns of the Al4Cu/ZrC-8-SPH composite powders (Fig. 7.4c). The 
reason for the existence of the Al3Zr intermetallic phase after atomization is 
associated with the relatively higher superheat (SPH) temperature (840 oC) which 
leads to dissolution of ZrC particles.  
 
 
Figure 7.4: XRD patterns of the atomized droplets: (a) Al4Cu/ZrC-157 and  
                  (b) Al4Cu/ZrC-8, and (c)Al4Cu/ZrC-8-SPH                 
It is worth noting from Fig. 7.4a that the intensities of the ZrC peaks in the 
Al4Cu/ZrC-157 sample are lower than those observed in the XRD scans of the 
Al4Cu/ZrC-8 composite powders containing smaller ZrC particles (8 µm), revealing 
the low content of incorporated ZrC particles in Al4Cu/ZrC-157 composite powders. 
As seen in Table 7.2,  ZrC contents of atomized powders were determined to be 2.98 
vol.% for Al4Cu/ZrC-157 powders and 3.16 vol.% for Al4Cu/ZrC-8. The relatively 
low volume content of ZrC particles in Al4Cu/ZrC-157 composite powders confirms 
low intensity of ZrC peaks in the XRD patterns in Fig. 7.4.    
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Furthermore, the resultant carbide content (Table 7.2) of each sample is less than the 
initial weight percentage of both TiC and ZrC particles (see Table 6.1), indicating 
that much of the carbide particles added to make the pre-alloyed ingots did not result 
in the MMC powders. Although this may be due to these particles settling around the 
nozzle plate in the atomizing crucible, sufficient amounts of carbides are present for 
this study.  
7.4 SEM Studies 
Typical backscattered electron images (BEI) taken from the mass median size (d50) 
of the Al4Cu/TiC-13 and Al4Cu/TiC-93 composites droplets, produced by IA 
process are shown in Fig. 7.5 (a) and (c), respectively. It can be noted from these 
figures that almost all of the spherical powders of Al4Cu/TiC-13 are rich in TiC, 
whereas some of the IA Al4Cu/TiC-93 powders are deficient in TiC carbide 
particles. TiC content determined by carbon analysis (Table 7.2) verifies the overall 
SEM/BEI micrograph of Al4Cu/TiC-93 composite powders (Fig. 7.5c) which 
contains TiC particle-free droplets. The micrograph of Al4Cu/TiC-13 composite in 
high magnification image (Fig. 7.5b) reveals that TiC particles are uniformly 
distributed in spherical Al4Cu matrix powders. It may be noted that fine TiC 
particles distributed homogeneously within the Al4Cu droplet while the relatively 
coarse TiC particles in Al4Cu/TiC-13 (Fig. 7.5b) and Al4Cu/TiC-93 (Fig. 7.5c) 
composites are mostly located along the periphery of the particles. The high 
magnification image of Al4Cu/TiC-93 composite droplet (Fig. 7.5 d) shows a TiC 
particle located in the center of the droplet, which was rarely observed in the overall 
images of this composite powder (Fig. 7.5c). A uniform distribution and good 
bonding of particles with matrix are desirable in order to improve the mechanical 
properties of the bulk material such as wear resistance and strength.  
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Figure 7.5: Overall and single droplet SEM images of the (a)-(b) Al4Cu/TiC-13, (c)- 
                  (d) Al4Cu/TiC-93 composite droplets. 
 
On the basis of SEM imaging of composite droplets, no intermetallic phase exist in 
the interface between the particle and the matrix or within the matrix. Several studies 
[228-232] are available in the literature concerning the wetting behavior of TiC by 
the Al-Cu alloy. The results from the literature showed that the wetting of TiC is 
dependent on temperature, and alloy composition. For instance, the reaction products 
such as Al4C3, Al2O3, Al3Ti enhance the wetting by reducing the contact angle or 
increasing the wetting in the temperature range of 800-900oC. Naidich [127] reported 
that 95 % of TiC particles incorporated into molten Al with contact angle of 108o at 
700 oC. For Al-4wt.%Cu/TiC system, the contact angles were reported [233] using 
the sessile drop method as follows: 86o at 800oC, 60o at 900 oC and 45o at 1000 oC. 
This shows a decrease in contact angle with increasing temperature, consequently 
good wetting.  
Kennedy and Karantzalis [23] stated that the contact angle measurements are not 
always an accurate way of predicting the incorporation of carbide particles due to the 
presence of an oxide layer on the melt. Therefore, in the present study, the wetting 
angle is probably lower than the reported value of 108o [127] at the temperature of 
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700 oC, since atomization experiments was performed under controlled atmosphere 
conditions using high purity He and the oxygen level was kept less than 20 ppm. 
Additionally, the incorporation of TiC particles prior to atomization process using K-
Al-F flux helps avoid the issue of penetrating an oxide layer. Fig. 7.5 (b) and 7.5 (d) 
also show the eutectic structure in the aluminium matrix as a white color in the 
interdendritic regions.  
A detailed SEM micrograph of the Al4Cu/TiC-13 droplet is shown in Fig. 7.6 (a), 
revealing remarkably homogeneous dispersion of fine TiC particles (13 µm) located 
preferentially in the interdendritic regions or the cell structure of the primary α-Al 
phase. The EDS analysis given in Fig. 7.6 (b) taken from the light appearing particles 
confirms that these particles belong to the TiC phase, while cell structure contains 
both the α -Al and Al2Cu phases as confirmed by the EDS spectra in Fig. 7.6 (c). As 
mentioned before, it should be noted that no interfacial reaction products such as 
Al4C3, Al3Ti, Ti3AlC, reported in several works [16, 194], were observed at the 
particle matrix interfaces of TiC particles (Fig. 7.6a). This is associated with the 
temperature and high cooling rate utilized. The microstuctures of the present 
composite droplets atomized at the quench distance of 1 m show the homogeneity in 
solidification cell structures. The complete absence of heterogeneity such as fine cell 
structures associated with coarse cells indicates that droplets in size range between 
500 and 600 µm (Table 7.1) were completely solidified prior to entering quench 
bath. Similar microstructural features were reported by Wiskel et al. [234] for the 
AA6061 alloy droplets (less than 600 µm in size) quenched at 1.2 m.  
The dark spots in Fig. 7.6(a) represent the pores/or voids which formed probably due 
to removal of TiC particulates from the surface of powders during metallographic 
surface preparation since shapes and sizes of porosities closely match with those of 
small carbide particles. During polishing of powder samples, SiC contamination 
from grinding papers were observed in the matrix and they were indicated as small 
white circles in Fig. 7.6 (a).    
 
 
 
 
 
 
154
 
Figure 7.6: High magnification SEM micrograph of the (a) Al4Cu/TiC-13 sample, 
                  (b) and (c) corresponding EDS analyses taken from TiC and Al2Cu,  
                  respectively. (The circled areas show the SiC contamination from 
                  grinding paper during polishing of the sample). 
 
Preliminary SEM work on IA powders show that the spherical morphology with the 
similar distribution of ZrC particles was observed in each size range of droplets. 
Therefore, in this study only the droplets in the median size range (given in Table 
7.2) was undertaken to investigate the resultant distribution of particles. Figures 7.7 
(a)-(f) are the SEM/BEI micrographs of the Al4Cu/ZrC-8, Al4Cu/ZrC-8-SPH and 
Al4Cu/ZrC-157 composite powders showing powder morphologies and carbide 
particle distributions. Figure 7.7(a), (c) and (e) show the overall morphologies of IA  
Al4Cu/ZrC-8, Al4Cu/ZrC-8-SPH and Al4Cu/ZrC-157 samples, respectively, and 
their single droplet images were given in Fig. 7.7 (b), (d) and (f), respectively. It can 
be noted from Figure 7.7 that almost all of the spherical droplets are rich in ZrC 
contents for Al4Cu/ZrC-8 and Al4Cu/ZrC-8-SPH samples, while some of the 
atomized droplets are deficient of ZrC particles for the Al4Cu/ZrC-157 sample. This 
indicates that some coarse ZrC particles (157 µm) were not delivered through the 
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nozzle plate due to their collapse around the nozzle plate. Based on the single droplet 
images of the composite powders in Fig. 7.7, spherical ZrC particles with the average 
size of 8 µm were mostly clustered in Al4Cu/ZrC-8 and Al4Cu/ZrC-8-SPH samples 
but particles distributed both the exterior and interior regions of droplets. However, 
coarse ZrC particles (157 µm) which are angularly shaped with varying aspect ratios, 
settled down generally towards to the periphery of Al4Cu/ZrC-157 powders (Fig. 
7.7f).  
In liquid metallurgy process, non-uniform distribution of reinforcement particles in 
the matrix is generated by either relatively low solid-liquid interface velocity 
associated with slow cooling rate of the melt and/or poor wettability of melt with 
ceramic particles [59]. Russell et. al [20] reported that > 95% of ZrC particles 
incorporated in Al matrix with the contact angle of 150o at 900 oC. The wetting angle 
is probably lower than the reported value of 150o [23] at the temperature of 900 oC, 
since atomization experiments was performed under controlled atmosphere 
conditions using high purity He and the oxygen level was kept less than 20 ppm, as 
mentioned above. Considerably different microstructures were clearly observed in 
Fig. 7.7 (b) and (d), even though Al4Cu/ZrC-8 and Al4Cu/ZrC-8-SPH powder 
samples contain the same average size of ZrC particles (8 µm). In addition to the 
carbide particles, rectangular shaped particles are present in the Al4Cu/ZrC-8-SPH  
sample produced by higher superheat temperature (840 oC) compared to that of other 
droplets. Besides, very fine carbide particles (≤ 1.5 µm) which are lower than the 
initial size of ZrC (8 µm) were observed in the Al4Cu/ZrC-8-SPH sample (Fig.7.7d), 
indicating that some of the agglomerated carbide particles were broken up during 
impulse utilized with relatively high superheat temperature. Furthermore, the 
appearance of big dark spots in Al4Cu/ZrC-8 and Al4Cu/ZrC-8-SPH samples (see 
Fig. 7.7a, and Fig. 7.7c) might be due to an over-etching of the polished powder 
surface. In addition to carbide particles, Al2Cu network (cell) structures can also be 
observed in the microstructure of droplets, in Fig. 7.7.  
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Figure 7.7: Overall and single droplet SEM images of the (a)-(b) Al4Cu/ZrC-8, (c)-  
                  (d) Al4Cu/ZrC-8-SPH, and (e)-(f) Al4Cu/ZrC-157 powders.   
 
The high magnification SEM/BEI micrograph of Al4Cu/ZrC-8-SPH composite 
powders (Fig. 7.8a) revealed that the microstructure consist of small-scale clustered 
ZrC particles and the light gray plate-like shape particles (indicated by arrows) 
corresponding to Al3Zr particles. The well-distributed white particles in Fig. 7.8a are 
assigned to ZrC particles based on the EDS analysis, which is given in Fig. 7.8b. It 
can be noted that the presence of small porosities (dark points in Fig. 7.8a) is likely 
due to the removal of ZrC particles from the surfaces of powders during 
metallographic surface preparation since shapes and sizes of porosities are closely 
matched with those of small carbide particles.   
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Figure 7.8: Typical SEM images of the (a) Al4Cu/ZrC-8-SPH sample fabricated  
                   using a high superheat temperature, and (b), (c) corresponding EDS 
                   analyses taken from ZrC and Al3Zr particles, respectively. 
As stated previously, a relatively high superheat temperature (840 oC) leads to 
formation of Al3Zr phase in the present composite droplets. The formation of  Al3Zr 
at 1100 K (827 oC) is expressed as:  
13 Al + 3ZrC = 3Al3Zr + Al4C3                         (7.1)                                     
The standard free energy change (∆Go) of this reaction at 827oC was calculated from 
the free energy of formation of each substance in equation (7.1). The free energy 
formation data of the products and reactants from Ref. [235, 236] were given: 
∆Go (Al4C3)= -154 kJ/mole 
∆Go  (ZrC) = -187 kJ/mole 
∆Go (Al3Zr)  = -182 kJ/mole 


∆Go = [3(-182)-154]-3(-187)

 
 
 
 
 
 

∆Go(827 
o
C) = -139 kJ/mole < 0                   (7.2) 
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Free energy change for the reaction given in equation (7.2) is negative at 827 oC, this 
indicates that the reaction can be highly possible thermodynamically at the studied 
temperature of 840 oC.  
Kennedy and Karantzalis [23] pointed out that reactivity of ceramic particles with 
molten metal can not always be predicted from the heat of formation energy for 
metal carbides. Their comparative results between TiC and ZrC with molten Al 
indicated that Al3Zr intermetallic phase occurred (A. E. Karantzalis, personal 
communication, 26 May 2010) at the temperature of 900 oC, although the heat of 
formation energy (∆Hf,298 = -207 kJ/mol) of ZrC is higher than that of TiC (∆Hf,298 = 
-185 kJ/mol) which does not dissolve [23]. Similarly, the formations of Al3Zr phases 
were reported by Zhang et. al [237] who produced an Al-Al3Zr composite by in-situ 
reaction of the Al with a 20 wt.% K2ZrF6-KBF4 flux at 1173 K close to the present 
pulsating temperature and by Azevedo and Santos [238] who synthesized the Al3Zr 
particles from Al/(5-20 wt.%)ZrO2 via reactive hot pressing at 1073 K. In the present 
study, these particles are basically rectangular in shape and non-uniform in size. The 
morphology of Al3Zr particles is very similar to those revealed in the Azevedo and 
Santos’s work [238] and in the work of Kobashi et. al [239] who identified the Al3Zr 
intermetallic by EPMA analysis in cast Al/ZrC composite. Besides, the EDS analysis 
(Fig. 7.8c) revealed that these particles consist of about 75.9 at. % Al, and 23.31 at. 
% Zr, indicating the atomic ratio of Al to Zr is about 1:3. On the basis of binary Al-
Zr phase diagram given in Figure 7.9 [66], Al3Zr phase is semi-coherent with the Al 
matrix since this phase has a tetragonal crystal structure according to the present 
XRD analysis.  
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Figure 7.9: Al rich part of Al-Zr phase diagram [66].  
Based on the Al-Zr phase diagram [66], Zr has a low solubility in aluminium and it 
precipitated out at the atomization temperature of 840 oC above 827 oC in the form of 
metastable L1 Al3Zr particles. It was reported that presence of copper in alloy 
composition accelerate the precipitation kinetics of the L12 Al3Zr phase [240] and 
this phase is resistant to dissolution and coarsening.  According to equation (7.1), the 
Al4C3 should be present in the microstructure of the Al4Cu/ZrC-8-SPH sample, but 
Al4C3 could not be identified in the XRD and SEM/EDS investigations. Leon et. al. 
[228] and Contreras et. al [241] suggested that the precipitation of  Al3Zr  delays the 
formation of Al4C3 intermetallics in the Al/TiC composites. In the study of Contreras 
et. al [241], Al3Zr particles were observed at 900 
oC, although the formation of Al4C3 
intermetallic is thermodynamically possible at 752 oC. Thus, in the light of these 
investigations, it can be suggested that could not be the formation of Al4C3 was 
suppressed by the precipitation of Al3Zr in matrix.   
 
160
 
7.5 Cell Size 
The degree of microstructural refinement achieved during solidification is often 
evaluated by measuring cell size [242]. The values of cell size, λ, for the studied 
composite powders is given in Table 7.3. The cell size value for unreinforced Al4Cu 
powders was measured as 9.34 ± 0.51 µm from the droplet size of 431 ± 4.16 µm. 
Almost similar cell size value of  9.45 ± 0.34 µm for the droplet size of 463 µm was 
reported by Wiskel et al. [243] for the Al-4.3 wt.% Cu atomized at 715 oC using He. 
It can be noted from the cell spacing results that the additions of smaller TiC 
(average size of 13 µm) and ZrC (average size of 8 µm) particulates in Al4Cu alloy 
reduces the cell size, and hence carbide particles acts as grain refiners.  
 
Table 7.3: Calculated cell size and estimated cooling rates of IA powders.  
Compositions Average 
diameter  
     (µm)                               
Cell size, λ 
(µm) 
Cooling 
rate 
(K/s) 
Al4Cu 431 ± 4.2 9.34 ± 0.51 154 
Al4Cu/ZrC-8 354 ± 6.4 6.05 ± 0.42 568 
Al4Cu/ZrC-8-SPH 420 ± 5.2 9.83 ± 0.66 132 
Al4Cu/ZrC-157 466 ± 8.7 8.23 ± 0.30 225 
Al4Cu/TiC-13 456 ± 5.3 6.98 ± 0.70 390 
Al4Cu/TiC-93 422 ± 9.8 9.19 ± 0.63 169 
 
Some researchers [244, 245] reported that the TiC particles in Al/TiC composites 
have a coherent interface with α-Al and thus these particles act as heterogeneous 
nucleation sites for the formation of α-Al crystals. In the present study, the higher 
volume fraction of TiC particles (Table 7.2) in the Al4Cu/TiC-13 than those in the 
Al4Cu/TiC-93 would yield a much higher surface area of TiC in the molten atomized 
droplets. Thus there is a greater number of heterogeneous nucleation sites in the 
Al4Cu/TiC-13 than in the Al4Cu/TiC-93 at the start of solidification, resulting in  
yielding a finer microstructure. Figure 7.10 shows the relationship between the cell 
size and the number of carbide carbide particles which act as nucleation sites in each 
of the atomized powder droplets.  
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Figure 7.10: Cell size of powders versus number of particles per Al4Cu matrix. 
As seen in Figure 7.10, Al4Cu/ZrC-8, Al4Cu/ZrC-8-SPH and Al4Cu/TiC-13 
composite powders have more carbide particles in each of the droplets compared to 
powders containing coarse carbide particles, i.e., Al4Cu/TiC-93 and Al4Cu/ZrC-157. 
Therefore, their cell size values hence their cooling rates (Table 7.3) approach to 
those of the Al4Cu sample which does not include carbide particles.  As mentioned 
above, based on SEM images and the XRD analysis, some of the droplets in the 
Al4Cu/ZrC-157 and Al4Cu/TiC-93 composites do not contain carbide particles due 
to low content of carbide particles in each powder particle. Therefore, the number of 
carbide particles per droplets verifies the XRD analysis and SEM images of these 
atomized powders. When comparing Al4Cu/TiC-13 and Al4Cu/TiC-93 powders 
having almost the same atomized size droplets (see Table 7.3), presence of high 
number of carbide particles in each of Al4Cu/TiC-13 droplets yields to small cell 
size. Besides, Figure 7.10 shows that as the number of particles in each powders 
increases, the cell size decreases, except for the powders (Al4Cu/ZrC-8-SPH) 
produced by high superheat temperature of 840 oC. High superheat temperature leads 
to higher droplet size of 420 µm compared to 354 µm for Al4Cu/ZrC-8 composite 
powder. This leads to higher cell size, although the number of carbide particles are 
almost similar to those in the Al4Cu/ZrC-8 powders.  
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It is well known that the fineness of a structure (cell size, λ) is inversely proportional 
to the heat extraction during solidification process and this relation can be expressed 
[246]:  
nB −= ελ                    (7.3) 
where ε is cooling rate, B is the pre-exponential constant and n is the exponential 
power whose value depends on the alloy. Using the equation 7.3, the cooling rates of 
IA powders can be calculated and are presented in Table 7.3. Note that the values of  
B and ε are taken as 50 µm (Ks-1)n and 0.333, respectively [247]. A considerable 
increase in the cooling rates were observed by the addition of small sized carbide 
particles in the Al4Cu alloy.   
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8. STRUCTURE-PROPERTY AND PROCESSING RELATIONSHIP 
In this chapter, the possible relationships between process variables of casting and 
sintering processes and the resultant structures have been elaborated and discussed. 
For this purpose, hardness, relative wear resistance and volume fractions of carbide 
particles have been considered for both cast and the sintered samples. Figure 8.1 
shows a comparison of hardness results of samples produced by both casting and the 
sintering processes. According to Figure 8.1, sintered samples exhibit a trend of 
higher hardness than the casting samples, indicating that smaller reinforcement 
particles obtained by mechanical alloying contribute to high hardness values. It can 
be noted from Figure 8.1 that a large scale of deviation in the hardness value of the 
cast Al4Cu/ZrC-8 sample is due to the inhomogeneous distribution of fine ZrC 
particles after the casting process. Additionally, the results (Fig. 8.1) show linear 
dependence of hardness on the size of carbide particles for sintered Al4Cu/TiC-13 
and Al4Cu/TiC-93 composites having the same carbide content (9.7 vol.%).  
 
Figure 8.1: Comparisons of hardness results of sintered and cast samples. 
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As mentioned in previous chapters; intrinsic material factors such as reinforcement 
type, size, shape, size distribution and reinforcement volume fraction have significant 
effect on the sliding wear rate of Al composites [40-42, 212]. In order to understand 
the role of volume contents of carbide particles and their size effects on the sliding 
wear properties of Al4Cu composites fabricated by different processes, hardness-
carbide content-wear resistance values are plotted in Figure 8.2.    
 
 
Figure 8.2: Variation of hardness and relative wear resistance of samples as a 
                   function of reinforcement carbide contents (hardness is  shown  
                   as filled symbols, whereas relative wear resistance is shown as  
                   open symbols).  
   
Volume fraction and particle size values of carbide particles after mechanical 
alloying are presented in Table 8.1. The results given in this table have been used in 
Fig. 8.2. Note that the carbide contents have been obtained from the samples after 
each process using the carbon analysis results. In Fig. 8.2, relative wear resistances 
of all samples are presented using an open symbol and filled symbols belong to 
hardness values of samples. Except for the Al4Cu/TiC (2.9 µm) composite 
containing 5-20 vol.% of TiC particles, Al4Cu, Al4Cu/TiC-13, Al4Cu/TiC-93, 
Al4Cu/ZrC-8 and Al4Cu/ZrC-157 composites were fabricated by mechanical 
alloying and hot pressing. The best results were obtained for the cast Al4Cu/TiC (2.9 
µm) composite which contains 20 vol.% of TiC particles. This composite has higher 
hardness and better wear resistance than the other composites of the present 
investigation. Except the case for Al4Cu/ZrC-8 composite, the wear resistance and 
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hardness increases with increasing volume content of carbides for each composite 
sample. Although the hardness of AlCu/ZrC-8 composite increases with high carbide 
volume content (15.1 %) (Table 8.1), clustering phenomena affect the wear 
resistance of AlCu/ZrC-8 composite. However, for the Al4Cu/TiC-13 and 
Al4Cu/TiC-93 composites, average size of carbide particles have lesser effects on 
wear resistance.           
Table 8.1: Volume contents and the average particle size of carbides after  
                  processing.   
Composition Fabrication 
process 
Actual carbide 
content (vol.%) 
Average particle 
size, µm 
Al4Cu/ZrC-8 MA+Sinter 15.1 0.9 
Al4Cu/ZrC-157 MA+Sinter 8.5 3.7 
Al4Cu/TiC-13 MA+Sinter 9.7 1.5 
Al4Cu/TiC-93 MA+Sinter 9.7 2.5 
Al4Cu/TiC Cast 4 2.9 
Al4Cu/TiC Cast 8.1 2.9 
Al4Cu/TiC Cast 11.5 2.9 
Al4Cu/TiC Cast 18.5 2.9 
On the basis of Fig. 8.2 and Table 8.1, the wear resistance of sintered Al4Cu/TiC-93 
composite is comparable with the wear resistance of cast Al4Cu/TiC composite 
containing 8.1 and 11.5 vol.% of TiC particles, since average carbide particle sizes of 
Al4Cu/TiC-93 (2.5 µm) and Al4Cu/TiC (2.9 µm) are close. The Al4Cu/TiC-93 
composite showing a relative wear resistance value of 9.1 which is between 2.42 for 
the cast Al4Cu/TiC containing 8.1 vol.% of TiC and 13.6 for the Al4Cu/TiC 
containing 11.5 vol.% of TiC particles. Considering close carbide particle sizes for 
these composites, it can be concluded that volume content of carbide particles play 
significant role for in the improvement of wear resistances of composites. With the 
decrease in carbide size at certain carbide content, the strength of composites will be 
increased. Therefore, the smaller carbide particle in the composite would be 
associated with the better wear resistance. Figure 8.3 shows the effect of mean 
carbide particle size on the hardness and the relative wear resistance of sintered 
Al4Cu/TiC-13, Al4Cu/TiC-93 and cast Al4Cu/TiC (5-20 vol.%) composites.      
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Figure 8.3: Effect of mean carbide particle size on hardness and relative wear  
                   resistance. 
This figure shows that although carbide particle size value (Table 8.1) for each 
composites are slightly different, sinter Al4Cu/TiC-13, Al4Cu/TiC-93 composites 
exhibit wear resistance which are very close to that of cast Al4Cu/TiC composite 
containing 15 vol.% of TiC. Additionally, hardness and relative wear resistance of 
composites fabricated by casting and sintering processes strongly depend on volume 
fractions of the carbide particles rather than carbide particle size. This figure also is 
in aggrement with Fig. 8.2, which shows volume fraction of carbide particles has 
significant effects on wear resistance of composites.  
Many efforts to identify the importance of reinforcement have been made, which 
involve the characterization of the size, distribution, morphology, area and volume 
fraction of the reinforcement [212, 248, 249]. In general, increasing particle volume 
fraction leads to increases in the strength and wear resistance of the material [37, 38]. 
However, the quality of the final distribution of the reinforcement particles affects 
the wear properties. Table 8.2 summarizes the carbide particles distribution 
characteristics after fabrication of each composite samples and their relative wear 
resistance values.  
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Table 8.2: Relative wear resistance and particle distributions of composites 
                  fabricated by different processes.   
Compositions Fabrication 
process 
Particle 
distribution 
Relative wear 
resistance 
 
Al4Cu/ZrC-8 
Sinter Cluster 2.1 
Cast Cluster - 
Atomize Cluster - 
 
Al4Cu/ZrC-157 
Sinter Uniform 8.7 
Cast Uniform - 
Atomize Located periphery - 
 
Al4Cu/TiC-13 
Sinter Mostly uniform 7.6 
Cast uniform - 
Atomize homogeneous - 
 
Al4Cu/TiC-93 
Sinter homogeneous 9.1 
Cast homogeneous - 
Atomize Located periphery - 
Al4Cu/TiC(5 vol.%) Cast uniform 1.8 
Al4Cu/TiC(10 vol.%) Cast Mostly uniform 2.4 
Al4Cu/TiC(15 vol.%) Cast Small clusters 13.6 
Al4Cu/TiC(20 vol.%) Cast Small clusters 56.6 
 
According to Table 8.2, Al4Cu/ZrC-8 composite exhibits non-uniform nature of 
carbide particle distribution in the Al4Cu matrix, indicating that the agglomerated 
ZrC particles do not dissociated after fabrication. Therefore, the wear resistance of 
this composite was significantly deteriorated due to pulling out of the clustered 
carbide particles. Additionally, clustering of TiC particles were observed in the 
Al4Cu/15 vol.% TiC and  Al4Cu/20 vol.% TiC composites, but the wear resistances 
of these composites is not significantly affected by presence of clusters.         
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9. CONCLUSIONS AND RECOMMENDATIONS  
Metal-matrix composites composed of Al-4wt.% Cu (Al4Cu as the matrix) and 10 
wt.% of particulates of ZrC with average initial particle sizes of 8 µm and 157 µm 
and TiC with average initial size of 13 µm and 93 µm as reinforcing particles were 
fabricated using a powder metallurgy, casting and a novel rapid solidification 
techniques. Additionally, Al-4wt.% Cu alloys reinforced with 5%, 10%,15% and 20 
vol.% of TiC average particle size of 2.9 µm were fabricated using a casting method. 
In powder metallurgy method, Al-4wt.% Cu alloy and its composites fabricated 
using mechanical alloying and hot pressing processing routes. Microstructural and 
phase characterizations of mechanically alloyed powders, sintered and cast samples 
were carried out using SEM and XRD analyses. The wear properties of sintered 
samples and cast samples containing different vol.% of TiC particles were also 
determined and their results were compared with those of unreinforced counterparts. 
From the investigation of different Al-MMCs, the following conclusions can be 
drawn:  
For sintered samples: 
• Changes in the hardness of powders as a function of mechanical alloying 
(MA) time were evaluated to determine the optimum processing time for 
obtaining powders in their composite nature. Hardness of MA powders as a 
function of MA time indicates that the hardnesses of both TiC and ZrC 
reinforced Al-4wt.%Cu powders reach saturation values after 180 min of MA 
time. This is verified by SEM investigations taken from cross-section of MA 
powders which reveal uniform and fine distribution of carbide particles 
within equaxied microstructure of Al4Cu matrix composites reinforced with 
TiC (13 µm and 93µm) and ZrC (157 µm).  
• Based on XRD, SEM and TEM investigations, flower-like Al2Cu, and rod-
like Al7Cu2Fe intermetallic phases were identified in the microstructures of 
all sintered samples. The formation of Al7Cu2Fe intermetallic phase is 
presumably due to the wear of steel balls and/or vials during mechanical 
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alloying process. In addition, carbide particles do not undergo any dissolution 
after sintering at 550 oC. Iron contamination results showed that carbide 
particles also contributed to iron contamination during milling process. SEM 
results reveal that composites reinforced with TiC particles with average size 
of 13 µm and 93 µm exhibit similar microstructural features in terms of 
homogeneous particle distributions associated with similar carbide particle 
sizes after MA process. However, composites containing ZrC with average 
initial size of 8 µm suffer from the clustering of ZrC particles. The 
inhomogeneity of ZrC particles come from the unbroken ZrC particle clusters 
inherited from the as-received powder material that did not dissociate during 
the MA process. 
• Introduction of either TiC or ZrC particles into Al4Cu alloy resulted in an 
enhancement in both the hardness and the wear resistance, as expected.  
• Although incorporation of small ZrC (8 µm) induced relatively high hardness, 
the Al4Cu/ZrC-8 composite exhibits lower wear resistance than the 
composites containing a coarser ZrC and TiC particles. Clustering of fine ZrC 
(average aggregate size of 8 µm) particles gives rise to particle-particle 
contacts thereby reduce their bonding with matrix. The loosely bonded ZrC 
particles to the matrix are easily pulled out of the matrix during wear. 
Therefore, low wear resistance of the Al4Cu/ZrC-8 composite is believed to 
be associated with the detachment of the particles from contact surface during 
wear testing. The sliding wear results also lead to the conclusion that coarse 
carbide particles are more effective for the wear resistance than the fine ones.  
         For casting samples: 
• Good interfacial bonding and reasonably uniform distribution of the 
reinforcement TiC particles with different sizes in the Al4Cu alloy were 
observed. The XRD and SEM results revealed that Al4Cu alloy composites 
mainly consisted of the Al, Al2Cu and TiC phases. The Al4Cu composite 
containing small TiC particles (13 µm) has a hardness value which is about 
20% higher than that of the composite reinforced with coarse TiC particles 
(93 µm). The incorporation of fine ZrC particles (8 µm) induced a 
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heterogeneous microstructure with clustering formation compared to coarse 
ZrC reinforced composite. 
• A trend of increase in the relative wear resistance with increasing hardness 
can be observed in Al4Cu/TiC alloy composites containing 5-20 vol. % TiC 
particles and wear resistances are significantly improved as compared with 
those of the Al4Cu alloy. The increase in the volume fraction of TiC particles 
appears to reduce the severity of grooves which improves the wear resistance.  
For Impulse Atomized (IA) powders: 
• Cast composites containing both TiC and ZrC particles were atomized to 
yield spherical powders having a uniform distribution of carbide particles.  
The microstructural investigations of droplets in the mean size range for both 
the Al4/TiC-13 and the Al4/TiC-93 revealed that they had spherical shapes 
and had uniform distribution of TiC particles within a fine matrix 
microstructure. However, SEM observations of composite droplets indicated 
that fine ZrC particles (8 µm) were mostly clustered, while coarse ZrC 
particles were distributed rather uniformly within the fine microstructure of 
droplets. The overall SEM images of composites show that some of the 
atomized droplets are deficient of ZrC particles for the Al4Cu/ZrC-157 
composite and TiC particles for the Al4Cu/TiC-93 composites samples, 
indicating that some coarse particles were not delivered through the nozzle 
plate due to their collapse around the nozzle plate. 
• The relationship between the cell size and the number of carbide particles 
reveals that greater number of heterogeneous nucleation sites in Al4Cu/TiC-
13 than in Al4Cu/TiC-93 yields a finer structure due to particle restricted 
growth of matrix cells during solidification.  
• Sieve analysis results of droplets showed that mass median size of Al4Cu 
powders decreases about 25% with the addition of ZrC (average size of 8 
µm) reinforcement particles, although both powders were produced using the 
same nozzle size of 350 µm and atomized temperature of 700 oC. It appears 
that addition of reinforcement particles would cause an increase in viscosity 
of the melt but the relationship between melt viscosity and resultant size is at 
present unclear. 
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• Although IA composite powder droplets were produced in spherical 
morphology with finer microstructure, the clustering of ZrC carbide particles 
occurred and mostly non-uniform distribution of the carbide particles were 
obtained. However, the homogeneously distributed carbide particles within 
fine microstructure are desirable to improve the mechanical properties such as 
strength, elastic modulus and wear resistance. Therefore, this work can be 
extended to eliminate the distribution problems of carbide particles in the 
finer microstructure. Since the work on the production of IA Al-
4wt.%Cu/TiC (mean size of 13 µm) revealed more homogeneous 
microstructure with TiC particles, it can be concluded that the distribution 
problem is mostly governed by the carbide type and its size and nature which 
affects the melt chemistry during atomization.    
In summary, the results from comparisons of wear resistance of both cast and 
sintered Al4Cu/TiC composites indicate that volume content of carbide 
particles play more important role in the improvement of wear resistances of 
composites than the carbide particle size. Higher hardness and better wear 
resistance values were obtained for the cast Al4Cu/TiC (2.9 µm) composite 
which contains 20vol.% of TiC compare with the other composites. Presence 
of clustering in the Al4Cu/ZrC-8 composites after casting, atomization and 
sintering processes indicate that aggregated ZrC particles were not 
dissociated and none of those fabrication processes does not effectively break 
down the clusters which deteriorate wear resistance of the composite. 
On the basis of the present study, the following suggestions can be made for 
future work:   
1) For each composite samples fabricated by casting, atomization and 
sintering methods, carbon analysis has been carried out to determine the 
actual carbide contents of composites after the fabrication processes. 
However, the results from the carbon analysis were taken only from one 
analysis for each samples that used for hardness, XRD and SEM analysis. 
Therefore, the carbide content from the calculation of carbon analysis 
results should be confirmed by measuring of the carbide volume content 
using image analysis. Depending on the distribution, carbide size, volume 
percent of carbide particles after fabrication using casting and sintering 
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processes, a computer modelling program such as Monte Carlo can be 
used in designing of the composites.    
2) As reported in chapter 7, cast samples were used for the fabrication of 
atomized powders and their properties were evaluated using SEM, XRD 
and cell size measurements. These powders have not been sintered yet. 
Therefore, one investigation would be to sinter the atomized powders to 
compare their microstructural features, density, hardness and wear 
properties with those of mechanically alloyed and sintered samples. In 
addition, the relationship between the cell size and cooling rates for all 
powder mesh sized intervals of the droplets are misleading.    
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